THIS NUMBER COMPLETES VOLUME XXXV 
VOLUME XXXV DECEMBER, 1956 NUMBER 12 


The Journal of 
Clinical Investigation 


EDITED FOR THE AMERICAN SOCIETY FOR CLINICAL INVESTIGATION 


Contents 


Desoxyribonuclease I Activity in Pancreatic Disease. O. D. KowLessar AND R. K. McEvoy........... 1325 


Metabolism of 4-C™%-Testosterone in Human Subjects. I. Distribution in Bile, Blood, Feces and Urine. 


The Adaptation of the Nitrous Oxide Method to the Determination of Renal Blood Flow and Jn Vivo Renal 
Weight in Man. Arcuer P. Crosiey, Jr., Joun F. Brown, Jonn H. Huston, DEAN A. EMANUEL, 
HERMAN TUCHMAN, CESAR CASTILLO, AND GEORGE G. 1340 


Total Free Tocopherols in the Serum of Patients with Thyroid Disease. SHOLEM PosTEL.............-. 1345 


_ Renal Function in Primary Aldosteronism. Harriet P. Dustan, A. C. Corcoran, AND IRVINE H. PaGE 1357 


“Studies on the Functional Capacity of a Denervated Homotransplanted Kidney in an Identical Twin with 
Parallel Observations in the Donor. Neat S. BRICKER, WARREN R. GuILp, JoHN B. REARDAN, AND 


The Role of the Kidney in the Etiology of Renal Hyperlipemia. N.R. D1 Luzio anp C. Ritey Hovuck.. 1381 


' The Hematocrit of the Lesser Circulation in Man. LAwReENCE S, LILIENFIELD, RENATO D. Kovacu, PAUL 
A. Marks, Lee M. HERSHENSON, GERALD P. RODNAN, FRANKLIN G. EBAUGH, AND Epwarp D. Frets 1385 


Theo Pulmonary Blood Volume in Mitral Stenosis. RAPAPporRT, HirosH1 Kurpa, FLORENCE W., 


The Phosphate Partition of the Erythrocytes of Normal Newborn Infants and of Infants with Hemolytic 
Disease. J. GREENWALT AND VALBORG ELIZABETH 1404 
The Pressor Effect of the Antidiuretic Principle of the Posterior Pituitary in Orthostatic Hypotension. 
Henry N. WAGNER, JR. AND EUGENE BRAUNWALD. ... 1412 
Rheologic Studies on Synovial Fluid. Mitton G. Levine anp Davin H. KLING....................... 1419 
Binding of Corticosteroids by Plasma Proteins. I. Dialysis Equilibrium and Renal Clearance Studies. 
Binding of Corticosteroids by Plasma Proteins. II. Paper Electrophoresis and Equilibrium Paper Electro- 


A ie 
a 

(ike, 

dS 

— 

\ 

: 

! 


The Journal of Clinical Investigation 


Printed by the Lancaster Press, Inc., Prince and Lemon Sts., Lancaster, Pa. Published by the 
American Society for Clinical Investigation. Publication Office, 
622 West 168th St., New York 32, N. Y. 


E. Brap.ey, Eprtor-1N-CHIEF 


ASSOCIATE Eprtors 


Lupwic W. E1cHNA 


Irvine M. Lonpon 


The Editorial Committee of the American Society for Clinical Investigation 


Tuomas P. Atmy, New York, N. Y. 
Rosert W. Ber.iner, Bethesda, Md. 
Puiu K. Bonny, New Haven, Conn. 
Francis P. Curnarp, Baltimore, Md. 
Georce L. Curran, Kansas City, Kan. 
Lewis Dexter, Boston, Mass. 

Davin P. Earte, Jr., Chicago, IIl. 


Ricuarp V. Esert, Little Rock, Ark. 
Leonarp P. Extet, Oklahoma City, Okla. 
Warp S. Fow ter, Rochester, Minn. 
CuarLtes H. RAMMELKAMP, Cleveland, O. 
Epwarp C. REIFENSTEIN, Jr. Butler, N. J. 
I. HerBert SCHEINBERG, New York, N. Y. 
RicHarp W. VILTER, Cincinnati, O. 


LawreENceE E. Youne, Rochester, N. Y. 


THE JoURNAL OF CLINICAL INVESTIGATION is de- 
signed for the publication of original investigations 
dealing with or bearing on the problems of disease 
in man, and it is the policy of the editors that the 
Journat should cover the field of clinical investiga- 
tion in its broadest sense. 


Contributions should be sent to the Editor-in- 
Chief, Dr. Stanley E. Bradley, 622 West 168th 
St., New York 32, N. Y. In order to hasten the 
process of reviewing and editing it is requested that 
each original manuscript be accompanied by a dupli- 
cate copy and duplicate illustrations. 


In order further to expedite the earliest possible 
publication of articles submitted to the JouRNAL 
OF CLINICAL INVESTIGATION they will be published 
in the order of final processing after review, cor- 
recting and editing rather than in the strict sequence 
of their receipt in this office. Papers which re- 
quire much editorial change, revision of charts and 
tables, condensation and rewriting will be delayed 
according to the time required for their correc- 
tion. This policy will put a premium on excellence 
of manuscript as well as the major consideration 
of content Because of the increasing costs of 
printing, especially in the hand work of making 
tables, the editors suggest that when feasible photo- 


graphs of tables be prepared. It is also requested 
that charts be photographed, the photographs ac- 
companying the manuscript. The originals of the 
charts need not be forwarded except by special 
request of the editors. Further information regard- 
ing the preparation of manuscripts may be obtained 
from the editors. 


Each volume will consist of 12 monthly issues 
appearing throughout the calendar year. The sub- 
scription price is $15 per volume, payable in ad- 
vance; foreign countries also $15, payable in U. S. 
funds. Single copies will be sold when available at 
Vols. 1-28, $2; Vols. 29-36, $1.50 a copy. Authors 
may purchase reprints at scheduled prices. A special 
subscription rate of $6 per volume of 12 monthly 
issues is offered to medical students, interns, 
fellows, and residents of approved hospitals. Sub- 
scriptions are net postpaid. Remittance should be 
made by draft, check or postal money order, pay- 
able to The Journal of Clinical Investigation, 622 
West 168th St., New York 32, N. Y. Claims for 
copies lost in the mails must be received within 
thirty days (domestic), ninety days (foreign), of 
the date of issue. Changes of address must be re- 
ceived at least two weeks in advance of issue. 


Acceptance for mailing at special rate of postage provided for in paragraph (d-2), section 34.40, 
P.L. & R. of 1948, authorized February 13, 1950 


Entered as second-class matter September 16, 1931, at the Post Office at Lancaster, Pa., under the Act of 
March 3, 1879 


Copyright © 1956, American Society for Clinical Investigation 


4 

- 

3 


You can rely on q 
Scientific 


a 
Products — 
Ainsworth balances 
American Optical 
microscopes 
B.B.L.. culture media 
Barnstead stills : 
Bausch & Lomb 
microscopes 
Beck Lee E.K.G. 
equipment 
Beckman 
instruments 


The PBI determination is the ONLY TEST 
which directly measures thyroid function 
by measuring the ability to produce circu- 
lating thyroxine. 

Combining specially designed equip- 
ment, purified reagents and a simplified 
method, the Hycel System gives repro- 
ducible results to +0.1 mcg%. 

Equipment includes reagents for over 
200 determinations and special equipment 
to perform up to ten tests daily. Also in- 
cluded are Manuals describing method and 
interpretation. 

The Hycel System is the result of exten- , 

sive research and testing by Mallinckrodt reagent 
Hormone Chemistry Labo- chemicals 
Matheson Coleman & 
ratory. They offer corrobo- Bell organic chem-- 
ative assays aS a service 
to users. 


No. 53845—Hycel PBI System........$340.00 


A multiple set is available containing sufficient rea- 
gents for over 600 tests, and additional equipment 
for performing 20 or more tests daily. Our catalog 
No. 53846, it sells for $1050.00. 


your SP for further details. 


Scientific Products. 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 
New York + Kansas Minneapolis Atlanta Washington + Dallas Los Angeies + Son 


FOR PROTEIN BOUND IODINE DETERMINATIONS | : 
ate sectional cabinetry 
| 
Precision scientific 3 
equipment : 
Schieffelin 
pharmaceuticals 
SP laboratory 
= specialties 
apparatus 
yoo! reagents 
gee $ Torsion balances 
me wew Virtis virus & tissue 
See equipment 
Warner-Chilcott ¥ i 
ciel vole pharmaceuticals 
ott No matter what 
needs—be sureto 


4 


a new maxunum 
in therapeutic 
effectiveness 


your 
entire 


in protection a 
. 
against 


a new maximum 
in safety and = 
toleration ig 


multi-spectrum 
synergistically 
strengthened 


OLEANDOMYCIN TETRACYCLINE 


ig 

? 

| 

= 

2 


a new certainty 


in antibiotic therapy, 


particularly for 

the 90% of patients 
treated at home 
and in the office 


Superior control of infectious dis- 
eases through superior control of 
the changing microbial population 
is now available in a new formu- 
lation of tetracycline, outstanding 
broad-spectrum antibiotic, with 
oleandomycin, Pfizer-discovered 
new antimicrobial agent which 
controls resistant strains. The syn- 
ergistic combination now brings to 
antibiotic therapy: (1) a new fuller 
antimicrobial spectrum which in- 
cludes even “resistant” staphylo- 
cocci; (2) new superior protection 
against emergence of new resist- 
ant strains; (3) new superior safety 
and toleration. 


Pfizer 


| 
| 
| 
y | 


The Journal of Clinical Investigation 


CHEMICALS 
COMPLETE VOLUMES 
OF 


@ Indole-3-acetaldehyde 

@ Indole-3-acetonitrile BACK ISSUES 

@ Indole-3-ethylamine Hydrochlo- 
ride Vols. 1 through 11, inc.—special 


@ Indole-3-pyruvic Acid price $25.00 
@ Indole-3-valerianic Acid 
Dalnisieteteccsiniie Vol. 12 (1933) six issues 10.00 
Vol. 13 (1934) six issues 10.00 
ndoxylpotassium Sulfate iy i 
e — Triphosphate (Barium Vol. 27 a and one 10.00 
alt) 
Slotine er Vol. 28 (1949) six issues and two 
ine richnioriae 
@ 2-Iodothiophene Vol. 30 (1951) twelve issues and 
@ 3-Iodotyrosine (Sodium Salt) one supplement 12.00 
i Vol. 31 (1952) twelve issues 12.00 
heh for oun new Vol. 32 (1953) twelve issues 12.00 
complete catalogue i Vol. 33 (1954) twelve issues 12.00 


Vol. 34 (1955) twelve issues and 
One one supplement 12.00 
Index, Vols. 1-17, inc. 2.00 


West Path New Order While Available 


CLINICAL SCIENCE 


Edited for the Medical Research Society by 
W. MELVILLE ARNOTT 


Assistant Editors 
G. D. Dawson, K. W. Donan, H. E. DE WARDENER 


Advisory Board 
E. A. CARMICHAEL J. McMiIcHAeEL JANET VAUGHAN 
R. V. Curistie G. W. PICKERING W. C. WILson 
R. T. GRANT E. E. Pocuin L. J. Witts 
E. P. SHARPEY-SCHAFER 
Volume 16, No. 1 Issued February, 1957 


Minor Factors Infiuencirg Indicator Dilution Curves. By J. I. E. HOFFMAN and J. P. SHILLINGFORD. 
Testosterone Propionate in the Treatment of Renal Failure. By P. FreepMAN and A. G. SPENCER. 
Irea Absorption Refore and After Partial Gastrectomy. By Mary D. Swirx and BarBaRA MALLETT. 
The Bacterial Content of the Small Intestine in Normal and Cirrhotic Subjects: Relation to Methionine Toxicity. By G. A. MARTINI, 
E. A. Puear, B. RUEBNER and S. SHERLOCK. 
Alkalosis in Sodi and Potassi Depletion (with special reference to organic acid excretion). By BARBARA M. Evans, I. Mac- 
IntyreE, C. R. MACPHERSON and M. D. MILNE, 
The Vasomotor Nerve Supply to the Skin and Muscle of the Human Forearm. By I. C. Roppie, J. T. SHEPHERD and R. F. WHELAN, 
The Effect of Intraverovs Lysine on the Renal Clearances of Cystine, Arginine and Ornithine in Normal Subjects, in Patients with 
Cystinuria and Fanconi S}ndrcme and in their Relatives. By E1.izaABetH B. RoBSON and G. A. Rose. 
ae = in the Keabscrption of Sodium and Chloride Ions after Uretero-colic Anastomosis. By A. D. Care, G. W. REED and L. N. 
YRAH. 
vonge Sime in Forearm and Hand Measured by the Strain-Gauge and Volume Plethysmograph. By R. S. J. CLARKE and 
. HELLON, 
Studies on the Renal Excretion of Magnesium. By F. K. Japir, S. D. RoBerts and R. A. WOMERSLEY. 
Pressure-volume Relationships of the Chest in the Completely Relaxed Anaesthetised Patient. By J. BuTLer and B. H, Smita. 
The Interpretation of the Intravenous Glucose Tolerance Test. By Joyce D. Barro and L. J. P. Duncan, 
The Influence of Posture on Renal Function in Heart Failure. By A. E. DoyvLe and J. M. MERRILL. 
The Relationship of Total Red Cell Mass to Lean Body Mass in Man. By Francis P, MULDOWNEY. 
ae 3 4 Acute Potassium Depletion in Dogs. By J. T. FINKENSTAEDT, A. Ruiz-Guinazu, L. Moreau, R. S. Morrison and 
. P. 
The Effect of Cortisone on Vitamin D2-induced Nephrocalcinosis in the Rat. By G. Witson, A. D. Care and C. K. ANDERSON. 
Some Peripheral Vascular Efiects of Intra-arterial Dibenyline in Man. By Rosert S, Durr and JEAN GinsBuRG. 


Subscription Rate: £3.15.0. per volume. 
Publishers: Shaw & Sons, Ltd., 7, 8 & 9, Fetter Lane, Fleet Street, London, E. C. 4, England 


= 

; 

4, 
J 
‘ 

i / 

f 
7 
af 

17 

2 


A new outstanding therapeutic agent discovered 
and developed by Pfizer scientists to meet the 
problem of resistant staphylococci and to con- 
trol superinfection with these strains. 


Matromycin has been shown to be outstandingly 
effective against antibiotic-resistant fresh clini- 
cal isolates of M. pyogenes.’ Marked suscepti- 
bility of most erythromycin-resistant strains of 
staphylococci, particularly fresh clinical iso- 
lates, indicates no predictable cross-resistance 
with erythromycin. This is also true for tetra- 
cycline, oxytetracycline, chlortetracycline, 
penicillin and streptomycin.’ Effectiveness of 
Matromycin against antibiotic-resistant strains 
is complemented by the fact that resistance to 
Matromycin itself does not readily occur.’ 
Clinical trials reveal Matromycin to be both 
effective and well tolerated when employed 
against infections due to susceptible organisms.” 
Capsules, 250 mg.; bottles of 16. 


1. Noyes, H. E.; Nagle, S. C., Jr.; Sanford, J. P., and 
Robbins, M. L.: Antibiotics & Chemother. 6:450 (July) 
1956. 2. Ross, S.: Antibiotics Annual 1955-1956, New 
York, Medical Encyclopedia, Inc., 1956, p. 600. 


Matromy 


when sensitivity 
testing reveals 


BRAND OF OLEANDOMYCIN 


infection due resistant 


Prizer Lasoratories, Brooklyn 6, N. Y. 


Division, Chas. Pfizer & Co., Inc. 


‘ 
‘ 


REVUE FRANCAISE D’ETUDES 
CLINIQUES ET BIOLOGIQUES 


DECEMBER, 1956 
Editorial 
Enzymes as Biological Tracers. H. TAGNON. 
Original Articles 
Cholinesterase in Megalocaryocytes and Platelets. G. ROGISTER. 


Metabolism of Porphobilinogen. Site of Transformation of Porphobilinogen to 
Porphyrin. Effects of Certain Activators. A. Gaypos and M. Gajpos-Torok. 


Sheep Cell Agglutination Test in the Classification of Chronic Inflammatory Rheu- 
matism. F. JACQUELINE, B. PopLIAcHouK and A. EyQueEm. 


Hemodynamic Study at Operation of the Ductus Arteriosus Resistance. G. Ous- 
TRIERES, P. VERNANT and J. MATHEY. 


The Treatment of 100 Cases of Hodgkin’s Disease. Chronic Lymphoid Leucemia, 
and Certain Sarcomas with p-(di-p-chloroethylamino)-phenyl-butyric Acid. J. 
BERNARD, G. MATHE and M. WEIL. 


Intermediates and Chemical Antagonists in Radiobiology. R. Rover. 


Technical Note 


Use of the Conway Cell in the Measurement of Blood Alcohol Concentration. R. 
BESSON. 


Subscription, U.S.A. and Canada, $19.00 


Special rate for interns and residents, $13.00 


Flammarion, 1243 University Street, Montreal 


4 
Be 
‘ 

| 
‘2 

’ 
* * * * * 

= 


Even a “mechanical chemist” can be improved 


More than six years ago, Upjohn 
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ists, and physicists designed and 
built an automatic chromatograph- 
ic fraction cutter, known more fa- 
miliarly as the “mechanical chem- 
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analysis of steroids, recording the 
results electronically on a graph. 


The first mechanical chemist did 
its work well. Utilizing the basic 
principle of chromatography, and a 
photo-electric cell, it was able to 
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steroid content by first passing the 


solvents through a chromatograph- 
ic column containing the unknown. 
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The depolymerases (DNase I and II) of de- 
soxyribonucleic acid (DNA) are among the en- 
zymes present in the blood of man and animals 
(1-3). Since the activity of DNase I in pancre- 
atic tissue is considerably higher than that in other 
tissues of the body (4), it was postulated by the 
senior author that an inflammatory or destructive 
process within the pancreas might result in an 
alteration of the DNase activity normally observed 
in the blood. The present investigation was un- 
dertaken in order to explore the possibility of us- 
ing the level of serum DNase I as an index of 
pancreatic damage. A study of DNase I activity 
was made on the blood of normal human subjects, 
of patients with pancreatic and other diseases 
and of animals with experimentally-induced 
pancreatitis. 


METHODS 


The patients included 32 normal subjects, 25 hospital- 
ized patients with various diseases unrelated to the 
pancreas, and 34 patients suspected of having pancreatic 
disease and in whom the serum amylase level was 200 
units or more. The latter group of patients was sub- 
divided into the groups shown in Tables III and IV on 
the basis of the laboratory data and the clinical course 
of their disease including autopsy or operative findings. 
Single samples of venous blood were drawn from the 
first and second groups, whereas blood samples were 
taken every other day from patients with high serum 
amylase levels. 

Edematous pancreatitis was produced in dogs by the 
following technique. Of five mongrel dogs of both 
sexes weighing 9.5 to 11 Kg., the pancreatic ducts of 
three were ligated according to the technique described 
by Radakovich, Pearse, and Strain (5) and the patho- 
logical changes in the pancreas were confirmed by post- 
mortem examination. In the two control dogs, the pan- 
creatic glands were exposed and manipulated but not 
removed. All the animals were permitted to eat and 
drink ad libitum postoperatively. Blood was withdrawn 
daily from the femoral vein for three days preoperatively 


1 Supported in part by a grant from the United States 
Atomic Energy Commission. 

2 Present address: The New York Hospital, 525 East 
68th Street, New York 21, N. Y. 
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and nine days postoperatively. The serum was separated 
immediately and assayed for DNase I and amylase. 

The following procedure was employed to induce acute 
pancreatitis in rats. Forty-eight Sprague-Dawley rats 
of both sexes, weighing 180 to 200 gm., were divided 
randomly into two groups, one of which was given intra- 
peritoneal injections of one mg. DL-ethionine * in aqueous 
solution at 50° C daily for five days. The control ani- 
mals were injected intraperitoneally with an equal vol- 
ume of warm isotonic saline. Both groups were fasted 
for twelve hours prior to the start of the experiment. 
The animals were allowed to eat ground Purina fox 
chow ad libitum after the initial period of fasting pre- 
ceding the first injection. The daily food intake of each 
animal was weighed and the average amount of food 
eaten by individual rats in the experimental group was 
given to each control animal on the following day. 
Four rats of each group were sacrificed by decapitation 
on the first, second, third, fourth and fifth days after 
the first injection. Blood was collected in tubes con- 
taining 2 mg. of heparin. The plasma was diluted 1:4 
with distilled water and assayed for DNase I and amylase. 
All the animals were autopsied and the gross findings 
noted. 

DNase I activity was determined by a modification 
of the method of Allfrey and Mirsky (4). A highly 
polymerized preparation of sodium desoxyribonucleate 
obtained from calf thymus according to the method of 
Kay, Simmons, ‘and Dounce (6) was used as substrate, 
and tris (hydroxymethyl) aminomethane served as buf- 
fer. Enzymatic activity is expressed in micrograms of 
desoxypentose phosphorus liberated from the substrate 
per hour of incubation. Serum amylase was determined 
according to the method of Somogyi (7). 


RESULTS 
Clinical 


The mean and standard error of DNase I ac- 
tivity in the serum of normal individuals and in 
patients with pancreatic disease and other illnesses 
are summarized in Table I. The serum DNase 
values of normal individuals range from .076 to 
1.25 wg. of desoxypentose-P per ml. per hour of 
incubation, with a mean of 46+ .06yg. The 
DNase I activity in the group of randomly selected 
patients seen in Tables I and II does not deviate 


3 Nutritional Biochemicals Corp., Inc. 
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TABLE I 
DNase I activity* in human sera 


Serum 


Healthy controls 


Controls with various 
diseases other than 
pancreatitis 


Pancreatic diseasest 
A. Edematous pancreatitis . 


B. Mumps pancreatitis 

C. Pancreatic cysts 4 

D. Pancreatic fistula 1 

E. Carcinoma of pancreas A 

F. Acute hemorrhagic 
pancreatitis 10 


* DNase I activity = ug. of desoxypentose-P/hr./ml. 
t Enzyme activity expressed as the mean of the average 
value for each patient within a group. 


significantly from the normal level. Table III 
shows the individual determinations of serum 
amylase and of DNase I in a series of 23 patients, 
all of whom were chosen because of elevation of 
the serum amylase and suspected pancreatic dis- 
ease. It will be noted that the serum DNase levels 


TABLE II 


DNase I activities in sera of patients with 
various disorders 


DNase I 
activity* 


Z 


Diagnosis 


Hernia 

Hypertension 
Carcinoma of the breast 
Pneumonia 
Hyperthyroidism 
Infectious hepatitis 
Acute rheumatic fever 
Rheumatoid arthritis 
Tuberculosis of the lung 
Cerebral vascular accident 
Infectious hepatitis 
Nephrotic syndrome 
Pernicious anemia 
Sarcoidosis 

Myocardial infarction 
Hodgkin’s disease 
Cirrhosis of the liver 
Bronchopneumonia 
Lupus erythematosus 
Pneumonia 

Leukemia 

Pneumonia 

Cirrhosis of the liver 
Chronic glomerulonephritis 
Thrombophlebitis 


SSM AMA > 


* DNase I activity = yg. of desoxypentose-P/hr./ml. 


KOWLESSAR AND R. K. MCEVOY 


of patients with interstitial pancreatitis are sig- 
nificantly higher than those of the controls at the 
5 per cent level. Since repeated observation of 
these patients revealed a fall in DNase I, it ap- 
pears likely that the initial serum DNase activity 
was slightly elevated. In contrast to the afore- 
mentioned cases, all ten patients with acute hemor- 
rhagic pancreatitis proved at autopsy or explora- 
tion showed marked elevation of DNase I activity 
(Table IV). There was more than a five-fold 
increase beyond the highest value found in normal 
subjects. 


Experimental 


The serum DNase I and amylase levels of the op- 
erated and control dogs are shown in Figure 1. 
The DNase values in normal dogs ranged from 
4.0 to 5.8 ug. desoxypentose-P per ml. per hour 
of incubation with a mean of 4.83. The marked 
temporary increase in serum amylase which oc- 
curred on the first and second postoperative day 
has been described by other authors (8,9). The 
DNase I activity of the serum rose gradually to 
about two and one-half times the preoperative 
level and returned to normal by the seventh post- 
operative day. 

The DNase I and amylase activities of the 
plasma of rats given ethionine and of their pair- 
fed controls are shown in Figure 2. The values in 
normal rats ranged from 3.2 to 7.7 wg. desoxy- 
pentose-P per ml. per hour with a mean of 5.0. 
A marked increase occurred in the plasma DNase 
I activity of the ethionine-treated rats, whereas a 
decrease was noted in the plasma amylase during 
the first three days of the treatment. The amylase 
level rose on the fourth and fifth days, a finding 
reported previously by Henning and Heinkel (10). 
It should be pointed out that the food intake was 
reduced markedly on the fourth and fifth days of 
the ethionine administration. The animals became 
quite sick as a result of the treatment, and by the 
fifth day the surviving animals were moribund. 
The pathological changes in the pancreas and liver 
corresponded to those described previously (10). 
The pancreas of the control animals showed no 
necrosis or loss of basophilia of the acinar cells. 


. There was a slight fatty change in the livers of 


the pair-fed controls, but no fibrosis or other 
signs of liver damage. 
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Mean 
activity 
eG. Number of and standard 

patients deviation 

studied of mean 

32 46 + .06 “a 

25 A8 .05 

.63 + .05 

ae 33 
65 + .1 

x: 1.2 

49 + .12 

q 

10 
1 

13 

14 

15 
16 
18 

19 
20 

21 
22 
23 
24 
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TABLE III 
Serum DNase I* and amylase levels} in sera from patients with various pancreatic disorders 


Day of illness 
Patient 1 2 3 4 5 6 7 
Acute interstitial pancreatitis 
M.S. Amylase) 30 26 13 2 
DNase) | 45 0.9 0.6 0.5 
Amylase) 20 18 7 
J DNase) 0.9 0.9 0.6 04 
A. D. Amylase) 23.6 12 8 1.2 
DNase) 0.9 0.5 0.3 0.2 
A:T. Amylase) 16 12 5.2 0.8 
DNase) 0.7 0.4 0.3 0.2 
S19, Amylase) 20 17 5.5 22 
DNase) 0.8 0.7 0.6 0.4 
B.S; Amylase) 16 8 2 0.8 
DNase) 0.7 0.5 0.3 0.3 
S.:'T. Amylase) 17 8.5 52 3 1.8 
ho 1.0 0.8 0.7 0.7 0.4 
ss Amylase) 6.8 6 4.2 3 1 
0.5 0.5 0.5 0.3 0.2 
MG Amylase) 12 8 + 1,2 
DNase) 0.7 0.7 0.6 0.5 
JB Amylase) 20 18 7 4 1.0 0.8 
DNase) 0.9 0.9 0.6 0.5 0.3 0.3 
js Amylase) 15 11 5 2 
DNase) 0.8 0.7 0.6 0.5 
ae Amylase) 12 6 3 1 
DNase) 13 0.9 0.6 0.6 
c.G. Amylase) 8 6 5 2 0.8 
(DNase) 0.9 0.8 0.6 0.5 0.5 
Mumps pancreatitis 
R. P. Amylase) 4,2 1,2 0.8 
Nase) 0.4 0.4 0.3 0.3 
L. M. Amylase) 2.8 1.8 0.8 
Nase) 0.4 0.3 0.2 
Pancreatic cyst 
N. T. Amylase) 12.5 9 10 4.5 2 
DNase) 0.8 0.6 0.6 0.6 0.5 
B.N. Amylase) 16.5 1735 11 6.5 1.2 
Nase) 0.5 0.4 0.4 0.3 0.3 
j.S Amylase) 22 15 12 5.0 1.0 
Nase) 0.9 0.9 0.8 0.7 0.5 
H. B. Amylase) 17 16 9 6 2 0.8 
DNase) 1.1 1.0 1.0 0.7 0.6 0.6 
rae? Carcinoma of pancreas 
E.L. Amylase) 4.6 4.8 7.6 
DNase) 0.3 0.3 0.3 0.2 
LR. Amylase) 4.5 6.2 5.9 3.5 35 
e DNase) 0.5 0.4 0.4 0.3 0.3 
V. A. Amylase) 6.5 6.2 5.2 4.2 
DNase) 0.5 0.5 0.4 0.3 
H. §. Amylase) 8.5 6.5 6.2 6.0 5.0 
DNase) 0.8 0.7 0.7 0.6 0.6 
* DNase = ug. of desoxypentose-P/hr./ml. 
t Amylase units X 10*. 
DISCUSSION tissue breakdown is one of the pathologic features 


The results reported in this paper suggest that —i.e., as in acute hemorrhagic pancreatitis. These 
a marked and protracted elevation of serum DNase findings can be correlated with those noted in 
I occurs clinically in pancreatic disease only when _ethionine-induced pancreatitis in the rat and with 
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Day of illness 
iy Patient i 2 3 4 5 6 7 8 
A 23 18 15 12 11 11 16 
ae = Ne” 6.2 7.0 7.2 7.2 6.8 7.5 8.2 
at T.P. (Amylase) 15 12 8 
: (DNase) 5.4 6.2 6.2 
ae R. W. (Amylase) 18 11 a 
\DNase) 8.7 8.0 8.0 
M.T (Amyia 12 
R. W. D. (Amylase) 
J.H.C. 16 12 14 15 
(DNase) 10.2 108 105 10.2 
are 6.2 10 13 1 1 
7.3 7.5 7.5 8.0 8.0 80 11.5 
J.W.8. 72 ts ‘30 
e. D.H.C. (Amylase) 17 6.5 5.5 5.8 
oops DNase) 6.8 7.2 7.5 7.5 
WS SS 
NS 
N \ 
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the gradual increase in plasma DNase I activity 
occurring subsequent to tissue destruction in ir- 
radiated rats (11, 12). When pancreatic dys- 
function in patients was the result of an inflam- 
matory process not accompanied bv necrosis, or 
wher it resulted from operative ligation of the 
pancreatic ducts in dogs, the DNase activity of the 
blood increased to approximately twice the pre- 
operative level. 

Since this and other studies of serum DNase I 
activity in patients with a variety of diseases un- 
related to the pancreas show normal enzyme ac- 
tivity, it seems likely that the pancreas plays a key 
role in the production and distribution of DNase I. 
The high concentration of this enzyme in the pan- 
creatic juice of a dog with a pancreatic fistula (4) 
supports such a theory, as does the observation in 
this laboratory of a reduced DNase activity in the 
duodenal juice of patients with pancreatic fibrosis. 
Whether DNase I has an exocrine digestive func- 
tion remains to be established, but its pH optimum 
(7.6) is compatible with such an action. 

Once these findings have been firmly established 
by more extensive clinical studies, the diagnostic 
applications are evident. The serum amylase test 
for pancreatic disease, the laboratory test most ex- 
tensively used, is subject to limitations (13, 14) 
and is not specific for pancreatic disease, being ab- 
normal in many other conditions (15-20). Since 
DNase I is found in high concentrations only in 
the pancreas and pancreatic juice, alteration in 
its activity in serum may provide information 
which will supplement that gained from amylase 
assay and other studies. In particular, the level 
of DNase I activity may be of specific value in 
the diagnosis of necrosis of pancreatic tissue such 
as is found in acute hemorrhagic necrosis. 


SUMMARY AND CONCLUSIONS 


1. Serum DNase I was determined in 32 normal 
human subjects, 25 patients with various diseases 
unrelated to the pancreas, and 34 patients with 
pancreatic disease. A marked and protracted ele- 
vation in enzyme activity occurred only in patients 
with acute hemorrhagic pancreatitis. A tem- 


porary elevation to the upper limit of normal was 
noted in patients with edematous pancreatitis. 
2. Serum DNase I activity was observed to be 
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temporarily elevated in three dogs after ligation of 
the pancreatic ducts. 

3. Plasma DNase I showed a marked and sus- 
tained elevation in rats with ethionine-induced 


pancreatitis. 

4. It was concluded that a marked and sus- 
tained rise in blood DNase I activity was noted 
when there was true necrosis of pancreatic tissue. 
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The metabolism of testosterone administered to 
human subjects was studied soon after the isola- 
tion and synthesis of the testicular steroid hor- 
mone. In 1939, Dorfman, Cook, and Hamilton 
(1) and Callow (2) almost simultaneously re- 
ported the isolation of androsterone and etiocho- 
lanolone in the urine of men receiving testosterone 
propionate. During the 1940’s, Lieberman, Do- 
briner and their co-workers (3-5) published ex- 
tensive studies on steroids in human urine related 
to the metabolism of testosterone. West and his 
colleagues (6, 7) not only studied the urinary 
metabolites following the intravenous administra- 
tion of testosterone (in human serum albumin), 
but in addition reported studies on the clearance 
from blood of testosterone and its metabolites (17- 
ketosteroids). All of the investigations cited were 
performed following the administration of very 
large, and hence unphysiological, doses of tes- 
tosterone. 

It was not until methods were developed for the 
synthesis of labelled testosterone that it became 
possible to study the metabolism of the hormone 
administered in physiological doses. Gallagher, 
Fukushima, Dobriner and their associates were 
the first to report observations on the metabolism 
of C** and deuterium labelled testosterone (8-11). 
The amounts of testosterone administered by these 
investigators approximated, in most cases, the 
quantity of hormone calculated to be excreted by 
the testes. Fukushima, Dobriner, Gallagher, and 
Bradlow (10, 11) reported that the preponderant 
part of the administered labelled testosterone ap- 
peared in the urine with small amounts in the 
feces. The authors did not report on the radio- 
activity in blood, 

The biliary excretion of steroids in human sub- 
jects has not been studied extensively. Such 
studies are of importance in the elucidation of tes- 
tosterone metabolism in man, since it has been 


1 Scholar in Cancer Research of the American Cancer 
Society (1953-56). 


demonstrated that following the administration 
of non-labelled or C**-testosterone to animals 
(dogs, rats, mice) most of the androgenic material 
or radioactivity appears in the bile or feces (12- 
14). In guinea pigs, however, most of the radio- 
activity following the administration of C**-testos- 
terone has been found in the urine (15). A study 
of biliary excretion of steroids in human subjects 
following the oral administration of unlabelled 
testosterone propionate was reported by Rubin, 
Dorfman, and Miller (16). No increase in biliary 
excretion of either 17-ketosteroids or androgens 
was found. On the other hand, following the ad- 
ministration of estradiol dipropionate they found 
definite evidence for biliary excretion of its 
metabolites. 

The present paper presents the results of stud- 
ies on the metabolism of 4-C**-testosterone in 20 
adult human subjects of both sexes. The group 
includes five patients with bile-fistulas, three pa- 
tients with carcinoma of the prostate, four patients 
with cancer of the breast, one patient with malig- 
nant melanoma, and seven normal subjects. In 
addition to the urinary and fecal excretion of ra- 
dioactivity following the administration of 4-C**- 
testosterone, data are presented on biliary excre- 
tion in five patients with bile-fistulas and on the 
clearance from plasma of free and conjugated ra- 
dioactive metabolites of 4-C**-testosterone in 17 
subjects. In following reports characterization of 
the metabolites in plasma, bile and urine will be 
presented. 


MATERIALS AND METHODS 


4-C*-testosterone (specific activity, 5uC per mgm.), 
synthesized according to the method of Fujimoto (17), 
was obtained from two sources.2 When the prepara- 
tions were chromatographed in our laboratory, over 99 
per cent of the radioactivity, determined in an Actigraph 


2 We wish to thank Dr. George I. Fujimoto for the 
4-C™-testosterone used in the original part of the study. 
The remainder of the 4-C**-testosterone was secured from. 
Raychem Laboratories, Elmsford, New York. 
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(Nuclear Chicago), was located in the area corresponding 
to that of standard testosterone. 

The 4-C*-testosterone was dissolved in absvlute 
ethanol (1 to 2 ml.) and diluted with saline (25 ml.) 
before intravenous (1.V.) injection. The I.V. administra- 
tion (1 to 5uC) usually lasted 1 to 2 minutes and the 
middle of the injection was taken as “zero” time. Blood 
samples of 30 ml. were drawn 15, 3U, 60, 120 and 240 
minutes after injection. Heparin was used as an anti- 
coagulant (1 to 2 mgm. per 30 ml. of blood). 

Immediately following the withdrawal of blood, the 
plasma was separated from the red blood cells. The 
plasma was extracted 3 times with equal volumes of 
freshly redistilled chloroform and this fraction was la- 
belled as “free radioactive steroids.” The residues (1) 
following chloroform extraction were then extracted 
twice with large volumes (100 to 150 ml.) of ethanol and 
discarded. The alcohol was evaporated by an air-stream 
(at 45° C) and the residue (II) dissolved in water (30 
to 50 ml.). The solution was then adjusted to pH 5+ 0.1 
(acetate buffer) and f-glucuronidase added (300 units 
per ml.). Following incubation for 48 hrs. at 37° C, it 
was extracted 3 times with freshly redistilled chloroform. 
The chloroform was evaporated by a stream of air and 
the residue comprised the “glucuronide fraction.” The 
remaining solution (III) was adjusted to pH 0.8 to 1.0 
with 65 per cent sulfuric acid and extracted continuously 
with ether for 48 hours. This ether extract was called 
the “sulfate fraction.” The aqueous solution (IV) was 


made 5 per cent with respect to sulfuric acid, refluxed 


for 30 to 45 minutes, cooled and extracted in a separatory 
funnel with ether (3 times). 

Bile was collected from patients who had undergone 
cholecystectomy with insertion of a T-tube into the com- 
mon bile duct. Complete bile collections were assured by 
a suction apparatus attached to the T-tube, and by the 
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% INJECTED RADIOACTIVITY 


URINE- STOOL-2a BILE-E3 
Fic. 1. THe Percentace oF RapIoactiviry 
IN THE URINE, Stoo. AND Bite Fottowinc 4-C™-Testos- 
TERONE ADMINISTRATION 
No stool collections were secured from subjects P. M., 
F. P., and C. E. Bile-fistula patients J. S. and H. M. had 
negligible radioactivity in the stools. 
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appearance of acholic stools during the period of investi- 
gation. The patients had normal liver functions pre- 
operatively and the C’*-testosterone was injected at least 
3 days postoperatively. 

The bile and urine samples were processed in essentially 
the same manner as the plasma samples except for the 
following. The free radioactive steroids were extracted 
with ether instead of chloroform; following the incuba- 
tion with f-glucuronidase the steroids were extracted 
continuously for 48 hours with ether. 

The feces were collected for at least 5 days following 
the administration of the radioactive testosterone and 
were mixed with large volumes of ethanol in a Waring 
blendor and centrifuged. The extraction was performed 
three times. The alcohol was evaporated and the samples 
handled similarly to the urine samples. 

Radioactivity was measured in a windowless gas flow- 
counter. A correction for self-absorption was made us- 
ing suitable calibration curves for inorganic (urine) and 
organic residues. 

The calculation of the total counts in the urine was 
based on a self-absorption correction curve obtained by 
the addition of the radioactive steroid to varying amounts 
of non-radioactive urine. The standard error of these 
counts did not exceed 5 per cent. The unextracted counts 
represent the difference between the total counts in the 
urine and the extractable counts. In those specimens in 
which the unextractable counts constituted a significant 
part of the radioactivity (for example, the 4 and 8-hr. 
specimens of subject J. L. in Figure 2; the 4, 8 and 12-hr. 
specimens in subject F. K.; the 4-hr. specimen in sub- 


TABLE I 


Normal 

Normai 

Normal 

Normal 

Normal 

Normal 

Normal 

Normal 

Carcinoma of prostate with metastases 

Carcinoma of prostate, orchidectomy 

Carcinoma of prostate 

Carcinoma of breast 

Carcinoma of breast 

Carcinoma of breast, NPN 69 to 101 
mgm. per cent, albuminuria, patient 
receiving 100 mgm. testosterone pro- 
pionate 3 times weekly I.M., gener- 
alized metastases 

Malignant melanoma 

T-tube drainage, cholecystectomy for 
cholecystitis 

T-tube drainage, cholecystectomy for 
cholecystitis 

T-tube drainage, cholecystectomy for 
cholecystitis 

T-tube drainage, cholecystectomy for 
cholecystitis 

T-tube drainage, cholecystectomy for 
cholecystitis, cancer of breast 
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Fic. 2. Excretion oF RADIOACTIVITY IN THE URINE FoLLow1NG THE INJECTION oF C*-TESTOSTERONE 
The numbers refer to the number of hours covered by the period of collection. 


ject D. P.; etc.) the urine residue, following the various 
hydrolytic and extraction procedures, was counted. In all 
cases 80 to 85 per cent of the calculated counts was 
present in the residues. 


RESULTS 


In Table I are shown some of the clinical data 
on the subjects given I.V. 4-C**-testosterone. 

In Figure 1 is graphed the percentage of the in- 
jected radioactivity excreted in the urine, feces, 
and bile. The amount excreted in the urine in 48 
hours ranged (exclusive of the bile-fistula pa- 
tients) from 71 to 117 per cent (average 89 per 
cent). The total radioactivity excreted in the urine 
of normal subjects did not differ significantly from 
that of patients with cancer. 

In Figures 2 and 3 are shown the percentages 
of the injected C**-testosterone excreted in the 
urine during certain time periods following the 
injection of the steroid. In addition, the amounts 
of steroid metabolites extractable following various 
hydrolytic procedures are shown. It is apparent 
that a preponderant part of the injected testos- 
terone is excreted in conjugated form, primarily 
as the glucuronide. Except in a few urine samples 
where, for some reason as yet unknown, large 
amounts of free metabolites were present, sui- 
fate-conjugated metabolites of testosterone con- 


stituted an unimportant part of the radioactivity 
excreted. A significant part of the radioactivity 


could not be extracted from the urine even after 
strong acid hydrolysis. 

It is apparent from Figures 2 and 3 that most of 
the radioactivity following C**-testosterone ad- 
ministration was excreted in the first 4 hours. 
An exception was noted in C. E., a patient with 
carcinoma of the breast, with impaired renal and 
liver functions, and receiving large amounts ot 
testosterone propionate intramuscularly, who ex- 
creted the major part of administered radioactive 
steroid during the second 12-hour period after 


‘administration. 


The clearance of free radioactive steroids (Fig- 
ure 4 and Table II) from the plasma of normal 
subjects and of patients with cancer was rapid. 
The dicoppearance curves can be interpreted as 
indicating two possible rates. The first rate is re- 
lated to a pool with a half-time of approximately 
11 minutes, and the second, slower rate, is re- 
lated to a pool with a half-time of approximately 
100 minutes. 

In Figure 5 and Table III are shown the steroid 
glucuronide plasma levels. Within 15 minutes fol- 
lowing the injection, the counts in the plasma glu- 
curonide fraction markedly exceeded those found 
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Fic. 3. Excretion oF RADIOACTIVITY IN THE URINE FOLLOWING THE INJECTION oF C*-TESTOSTERONE 
The numbers along the abscissa indicate the duration of each successive period of collection and are not cumulative. 


with the unconjugated steroids. Activity declined 
slowly thereafter. Since the major identifiable 
conjugates in the urine are the glucuronides, it is 
interesting to note that patient C. E., with im- 
paired renal function and receiving testosterone, 
maintained very high levels of radioactivity in the 
free steroid and glucuronide fractions during the 
time of study. 

The counts in the sulfate conjugated steroid 
fraction were about 1/20 of the levels of the glu- 
curonides and essentially parallel to them. Nor- 
mal subject J. L. had strikingly higher sulfate 
levels than the rest of the group at 2 and 4 hours. 
We have no satisfactory explanation for this 
observation. 

The radioactivity extractable from plasma fol- 
lowing strong acid and heat hydrolysis was neg- 
ligible. S‘milarly, negligible activity was found 
when the red blood cells were extracted with ab- 


solute alcohol following lysis of the cells with 
water. 

Patients with carcinoma of the breast cleared 
the free steroid radioactivity from the plasma at 
a somewhat slower rate than the remainder of the 
group. Since the number of cases studied was 
rather small, the possible significance of this find- 
ing must await confirmation of the observation in 
a larger group of similar patients. 

The amount of radioactivity excreted in the bile 
is shown in Figure 6. Four of the patients with 
T-tube drainage excreted 11 to 14 per cent of the 
radioactivity of the injected C**-testosterone in the 
bile, with most of the excretion occurring in the 
first 4 hours. Patient B. H. excreted 56 per cent 
of the injected radioactivity in the bile, mostly 
in the first 4 hours. In Figure 3 it can be seen 
that this patient (B. H.) excreted much less of 
the radioactivity in the urine during the first 12 
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TABLE II 


Radioactivity levels in free steroid fraction of plasma following 
injection of 4-C™-testosterone * 


15 min. 30 min. 60 min. 120 min. 240min. 


% of injected dose per 100 ml. plasma 
per Kg. body weight X 10+ 


n 


— 


*In Table II the number of counts present in the 120- 
minute samples was of such magnitude that the counting 
did not involve a standard error from the mean greater 
than 5 per cent; in the 240-minute specimens the counting 
did not involve a standard error from the mean greater 
than 10 per cent. 


hours than any other subject in the whole group. 
It should be pointed out that although this patient 
had normal liver function tests preoperatively she 
developed a gram-negative bacterial septicemia 
with an ascending cholangitis postoperatively. 
Even though the C**-testosterone study was per- 
formed when the patient seemingly had made a 
recovery from the infection, it is possible that the 
infection may have influenced the amount of radio- 
activity excreted in her bile. 

The excretion of free steroids in the bile was 
negligible, with most of the extractable steroids be- 
ing glucuronides or sulfates. The bulk of the 
radioactivity could not be extracted following the 
hydrolytic procedures used. The amount not ex- 
tractable from bile was even greater than that from 
the urine. 

The radioactivity excreted in the stools (Figure 
7) of non-fistula subjects varied from 2 to 15 per 
cent (average : approximately 6 per cent). Counts 
in the free steroid fraction comprised the largest 
amount. In the patients with T-tube drainage 
the fecal radioactivity excreted ranged from less 
than 0.1 per cent to 2 per cent. 


8 


CE. 

Ca. of Breast »— 
Total Groups 
Normal Female---—~ 
Normal Male -— 
Ca. of Prostate »--« 


% injected radioactivity/IOO mi. plasma/ kg. body weight x 10 


30 60 120 240 


MINUTES 
Fic. 4. THe CLEARANCE oF “FREE STEROID” Rapro- 
ACTIVITY FROM THE PLASMA FOLLOWING THE I.V. IN- 
JECTION OF C™*-TESTOSTERONE 


DISCUSSION 


The nearly quantitative excretion of the radio- 
activity in the urine following the intravenous in- 
jection of 4-C**-testosterone is at variance with 
results obtained by others when excretion of non- 
labelled steroid products was studied. This is not 
surprising, since even with labelled testosterone 
only about 50 per cent of the radioactivity could 
be released and extracted following various hy- 
drolytic procedures. In addition, the estimation of 
the urinary excretion of metabolites following non- 
radioactive administration depended on biological 
assay or the determination of 17-ketosteroids. It 
is known that neither procedure would estimate 
all the metabolites of testosterone in the urine. 
Our findings are similar to those of Fukushima, 
Dobriner, Gallagher, and Bradlow (10, 11), who 
were able to recover 50 per cent of the adminis- 
tered radioactivity from the urine (as crude, ether- 
extractable, and neutral metabolites) during the 
first 24 hours. 

Gallagher, Fukushima, Dobriner and their as- 
sociates (9-11) were able to extract from the 
urines of their published cases from 50 to 77 per 
cent of radioactivity in the neutral fractions fol- 
lowing intravenous testosterone administration, 


+ 

1 

1335 

= 

| 

\ | 

Subject 

4 

0 

SS 

\ 

“Ne 

15 

\ 

” ‘ 
‘ 


AVERY A. SANDBERG AND W. 


ROY SLAUNWHITE, JR. 


x 10* 
8 


8 


Ca. of Prostate »—-—+ 
Normal Female-—-—— 
Normal Male 


% injected dose/ 100 mi. plasma/ kg. 
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Fic. 5. RaproactiveE GLUCURONIDATE STEROID LEVELS IN THE PLASMA FOLLOWING 
THE ADMINISTRATION OF RADIOACTIVE TESTOSTERONE INTRAVENOUSLY 


the amount extractable being dependent on the 
exact hydrolytic and extractive procedures used 
(9). It is interesting to note that their highest 
extractable percentages occurred in those urines 
on which a repeat £-glucuronidase hydrolysis was 
performed following an initial incubation with the 


enzyme and extraction at pH 1. Even though in 
more than half of our cases 50 to 78 per cent of 
the administered radioactivity was extracted, it is 
possible that further incubation with §-glucuroni- 
dase would have released additional extractable 
radioactivity. Furthermore, it is possible that in- 
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Fic. 6. ExcreETION OF RADIOACTIVITY IN THE BILE oF Five PATIENTS 
The numbers refer to the number of hours covered by the collection. 
Note absence of free steroids in the bile. 
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cubation with B-glucuronidase for longer periods 
of time, such as employed by Gallagher and as- 
sociates (120 hours) (9), than used in our ex- 
periments (48 hours) would have resulted in a 
greater percentage of extractable counts in our 
cases. In addition, the minor discrepancies be- 
tween our results and those of Gallagher, Fuku- 
shima, Dobriner, et al. (8-11) may possibly be 
due to the larger amounts of carrier used (8.4 to 
16.0 mgm.) by the above authors and differences 
in the methods and rates of infusion of the C**- 
testosterone. 

Radioactive testosterone was cleared from the 
plasma rapidly when compared to the clearance of 
4-C**-cortisol (18-20). Within 15 minutes fol- 
lowing the injection of the 4-C**-testosterone the 
radioactivity in the glucuronide fraction reached 
its peak and was about threefold the level in the 
“free” steroid fraction. This contrasts with the 
metabolism of C**-cortisol where the counts in 
the glucuronide fraction achieve their peak and 
equal the level in the free steroid fraction in 
about 120 minutes (19). The glucuronide frac- 
tion radioactivity following C**-testosterone 
reached its peak early and declined slowly there- 
after. Since the excretion of radioactive metabo- 
lites in the urine during the first 4-hour period 
was at least 50 per cent of the administered dose, 
it indicates that testosterone had been taken up by 
tissues and its glucuronide-conjugated metabolites 
released slowly over that period. Even though 
the differences in the methods used make absolute 
comparison difficult, the clearances of C**-testos- 
terone from plasma and of radioactivity of the con- 
jugates in our studies give distributional findings 
similar to those of West, Tyler, Brown, and 
Samuels (7) following the administration of large 
doses of non-radioactive testosterone. 

The free steroids disappeared from the plasma 
with at least two different rates, an initial fast 
rate and a subsequent much slower rate. This may 
indicate that at least two different metabolic pools 
exist or that the initial rate is that of 4-C**-testos- 
terone clearance from the plasma and the subse- 
quent slower rate that of a “free” steroid metabo- 
lite of testosterone. Patient C. E. cleared the C**- 
testosterone from her plasma slower than any 
other patient in the group. We believe this was 
due to impaired liver function in the patient, since 
it has been shown that the liver plays an important 
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Fic. 7. EXxcrETION OF RADIOACTIVITY IN THE STOOLS 
or 14 Susyects Fottowinc THE INJECTION oF C*- 
TESTOSTERONE 


role in the metabolism of free steroids, although 
other factors in this lady may also have played a 
part. 

The urinary excretion of metabolites following 
4-C'4-testosterone injection, even though it varied 
somewhat from subject to subject with respect to 
the amounts of radioactivity released by the various 
hydrolytic procedures, showed an essentially con- 


TABLE III 


Radioactivity levels in steroid glucuronidate fraction of plasma 
following injection of 4-C'-testosterone 


15 min, 30 min. 60 min. 120 min, 240 min. 


% of injected dose per 100 ml. plasma 
per Kg. body weight x 104 


wn 
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165 165 126 88 78 
29 21 26 17 11 F 
39 36 29 21 18 | 
143 157 109 70 44 
99 98 63 47 21 “| 
284 231 244 155 
79 50 21 
75 101 85 42 
241 200 168 124 103 4 
112 108 98 79 76 
245 268 263 206 200 
144 129 81 37 
99 101 34 32 27 
151 128 130 114 85 
124 111 103 82 44 


TABLE IV 


Radioactivity levels in steroid sulfate fraction of plasma 
following injection of 4-C'*-testosterone 


15 min. 30 min. 60 min. 120 min. 240 min. 


% of injected dose per 100 ~<' mane 


Subject per Kg. body weight X 1 
D.S. 5.9 11.0 3.1 5.2 8.0 
F. K. 5.8 5.6 5.4 6.8 ~ | 
a 6.9 6.7 5.0 7.2 5.9 
S. A. 5.9 6.1 6.2 6.7 4.1 
i 2. 1.9 7.7 8.6 6.7 8.0 
2, F. 13.0 12.0 9.5 2.8 2.8 
5. 5.4 7.2 7.7 18.0 34.0 
E M. 4.6 3.2 $5 2.0 

.U. 4.7 2.9 0.8 
1.0 2.5 41 
y AG LR 14.0 6.3 4.7 10.5 4.7 
S. 4.8 7.1 $.$ 9.9 3.6 
13.0 12.0 8.1 11.0 
H. M. 6.2 6.1 7.6 6.3 3.8 
iF J. 7.1 5.5 5.4 6.4 3.5 

ae 7.2 8.4 4.7 3.7 3,5 
M.R. 5.1 4.1 4.5 4.6 2.0 


sistent pattern. The preponderant part of the ra- 
dioactivity was excreted in the first 4 hours follow- 
ing injection, except for patient C. E. who had 
impaired renal function and was receiving large 
doses of intramuscular testosterone propionate. It 
is likely that impaired renal function in patient 
C. E. played a part in the abnormal excretion. The 
role of large doses of non-radioactive testosterone 
is difficult to evaluate. 

About 50 per cent of the radioactivity was ether 
or chloroform extractable following the various 
hydrolytic procedures, with the bulk being in the 
form of glucuronides. The amount of free steroid 
excreted in the urine, except for a few specimens 
in normal subjects I. H. and J. L., was very small 
when compared to the amount excreted in conju- 
gated forms. 

The urinary excretion of radioactivity during 
the first 4 to 8 hours following C**-testosterone 
injection was almost double that following C**- 
cortisol administration and may be related to the 
faster metabolism of the former steroid (18-20). 

The amount of radioactivity excreted in the bile 
averaged 12 per cent of the injected dose, ex- 
clusive of patient B. H. who excreted 56 per cent. 
This patient had recently had ascending cholangi- 
tis and it is possible that her substantial biliary ex- 
cretion was related to that. The findings in the 
present study regarding the biliary route of ex- 
cretion of C**-testosterone and its metabolites dif- 


1338 AVERY A. SANDBERG AND W. ROY SLAUNWHITE, JR. 


fer from those observed in animals. As con- 
trasted to human subjects, animals (rats, mice, 
dogs) excrete most of the administered testos- 
terone in the bile and very little in the urine (12~ 
14). These differences make comparisons re- 
garding metabolism of testosterone among various 
species unreliable. Even though Burstein, Ungar, 
Gut, and Dorfman (15) have reported that most 
of the radioactivity following administration of 
C**-testosterone to guinea pigs appeared in the 
urine, the possibility of substantial biliary excre- 
tion of radioactivity with subsequent intestinal 
reabsorption cannot be excluded. 

It has been shown that 1 to 5 per cent of radio- 
activity following intravenous C**-cortisol adminis- 
tration is excreted in the bile of human subjects 
(19, 20). On the other hand, at least 30 to 60 per 
cent of radioac’.vity following C**-progesterone 
(21), C**-estrone or C**-estradiol administration 
is excreted in the bile of man (22). 

The fecal excretion of radioactivity in patients 
without T-tube drainage averaged about 6 per 
cent. It is apparent that some reabsorption of 
testosterone metabolites must occur in the gastro- 
intestinal tract. The small amounts (1 per cent) 
of radioactivity present in the stools of patients 
with T-tubes may be due either to excretion of 
radioactivity in gastrointestinal juices or to the 
escape of small amounts of bile. The fecal excre- 
tion of radioactivity in our series is comparable to 
the results of Fukushima, Bradlow, Dobriner, and 
Gallagher (11). 

Essentially, no unconjugated steroids were pres- 
ent in the bile and the percentage extractable after 
the various hydrolytic procedures fell far short of 
the percentages in the urine. On the other hand, 
the unconjugated (free) steroids constituted a ma- 
jor part of the steroids in the stools. Since it has 
been demonstrated that human stools contain 
§-glucuronidase and phenolsulfatase activities (20, 
23), it is possible that some of the steroid conju- 
gates originating from the bile are cleaved by the 
fecal enzymes. 


SUMMARY 


4-C**-testosterone has been administered intra- 
venously to 20 human subjects. The radioactivity 
was excreted almost quantitatively in the urine in 
48 hours with over 50 per cent in the first 4 hours. 
About 50 per cent of the radioactivity could be 
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extracted from urine following different hydrolytic 
procedures. C**-testosterone was cleared from 
the plasma rapidly with at least 2 separate rates. 
These 2 pools had half-lives of 11 and 100 min- 
utes. The conjugated metabolites of C**-testos- 
terone reached their peak in the plasma within 15 
minutes following the injection of the steroid. 
From 12 to 14 per cent of the injected radioactivity 
was excreted in the bile of subjects with T-tube 
drainage and only 6 per cent in the stools of pa- 
tients having no T-tube, which probably indicates 
reabsorption of steroids from the gastrointestinal 
tract. The metabolites in bile were in conjugated 
form, whereas a great part of the radioactivity in 
the stools was in the free form. 
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Since 1945 sodium para-aminohippurate (PAH) 
(1) has been widely used for the measurement of 
renal blood flow (2). Since the urinary output of 
PAH must be measured in this procedure, the er- 
rors inherent in urine collection contribute to the 
error in the determination of renal blood flow. 
Furthermore, the need to obtain values of urinary 
concentrations in the calculation of renal blood flow 
precludes the use of PAH, and therefore of this 
method, in the study of patients with oliguria or 
anuria. Recently, Conn, Anderson, and Arena 
(3) adapted the nitrous oxide method of Kety and 
Schmidt (4) to the determination of renal blood 
flow in dogs. The following is a description of 
the adaptation of this method to the estimation of 
renal blood flow in man as well as of the utilization 
of this method for the calculation of renal weight 
in Vivo. 

METHODS 

Five normotensive fasting subjects without clinical 
evidence of renal disease and seven patients from the 
medical wards of the University Hospitals were stud- 
ied. As noted in Table II, the latter presented a great 
variation in renal functional impairment. 

In the five normotensive subjects renal hemodynamics 
and metabolism were studied by means of standard clear- 
ance techniques and right renal vein catheterization (2, 5). 
In these individuals three fifteen-minute control clear- 
ance periods were followed by the determination of re- 
nal blood flow by the nitrous oxide method (see below). 

In the seven patients demonstrating a variety of renal 
disease states as well as different degrees of renal func- 
tional impairment the method of study was similar to 


1 This investigation was supported in part by grants 
from the Wisconsin Heart Association, Wisconsin Alumni 
Research Foundation, and National Heart Institute of the 
National Institutes of Health (H-1495-C), Public Health 
Service. 

? Heart Trainee of the National Heart Institute, U. S. 
Public Health Service, 1955. 

® Wisconsin Heart Association Research Fellow. 


that described for the normotensive subjects with the 
exception that following the first nitrous oxide deter- 
mination the study was continued for three additional 
fifteen-minute periods (45 minutes), at which time a sec- 
ond nitrous oxide renal flow study was performed. This 
part of the study was designed to determine the re- 
producibility of the technique. 

Renal blood flow by the nitrous oxide method. Renal 
blood flow was determined by the nitrous oxide method 
using a modification of the method of Kety and Schmidt 
(4). A mixture containing approximately 15 per cent 
nitrous oxide, 20 per cent oxygen and 65 per cent nitrogen 
was delivered into a 150-liter bag which in turn was at- 
tached to a large-bore corrugated rubber tubing through 
a three-way valve for respiratory gases. The valve was 
arranged so that the investigators could change the pa- 
tient’s inspiratory gases from room air to the nitrous 
oxide mixture without the patient’s knowledge. De- 
livery was made to the patient through a rubber mouth- 
piece attached to the corrugated tubing. The nose was 
clamped to avoid all leaks. Arterial blood was sampled 
from the femoral artery through a Cournand needle at- 
tached to a plastic tubing which in turn was connected to 
a manifold consisting of four three-way stopcocks and 
an end exhaust syringe containing 2 to 5 ml. of heparin. 
Renal venous blood was obtained from the right renal 
vein through a cardiac catheter connected directly to a 
manifold similar to that described for the arterial col- 
lection. Since the arterial-venous differences of nitrous 
oxide in the determination of renal blood flow were very 
small, it was of great importance to have the dead space 
on both sides of the blood collection systems as equal as 
possible, and to have maximal accuracy in the timing and 
collection of samples as well as in the analysis of speci- 
mens of N,O. The mean difference between duplicate 
samples of the same blood analyzed for N,O in this 
laboratory was .02 vol. per cent (S.D.* .02 vol. per cent). 

Specimens of blood were collected in oiled, heparinized 
syringes. Syringes were mounted consecutively on the 
arterial and venous manifolds with the first specimen 
most distal to the patient. Prior to each renal blood flow 
determination, arterial and renal venous blanks were 
drawn. These should be identical in value as a check of 
the N,O analyses. 


#S.D. = Standard Deviation. 
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At the time of sampling, blood was drawn into the 
exhaust syringes at the distal ends of each manifold at a 
steady rate of one ml. per 5 seconds. The nitrous oxide 
mixture was turned on after 2% ml. of blood had been 
drawn into the exhaust syringes. This arbitrarily as- 
sumed volume was equal to 2.5 times the total dead space 
(one ml.). This volume was assumed to remove from 
the dead space heparinized blood which was present be- 
tween determinations or samples. Following the beginning 
of the administration of the gas mixture, sampling into the 
exhaust syringes was continued until a total volume of 4 
ml. had been obtained. The difference in the volumes of 
blood in the exhaust syringes between the initial 24% ml. 
and the final 4 ml., namely 1144 ml., was estimated to be 
equal to the time necessary for the nitrous oxide to reach 
the lung, be absorbed, and be carried in the blood to 
the orifice of the first sample syringe. These arbitrarily 
assumed values were not believed to carry particular 
weight in the determination. 

After 4 ml. had been withdrawn into the exhaust syr- 
inges, sampling was begun into the first sample syringe 
at a rate of one ml. per 5 seconds. During the first 1144 
minutes of the flow determination three consecutive 6-ml. 
specimens were obtained at this rate of withdrawal. The 
fourth 6-ml. specimen was collected from 2 minutes and 
45 seconds to 3 minutes and 15 seconds, whereas the fifth 
specimen consisting of 8 ml. was withdrawn from 4 
minutes and 40 seconds to 5 minutes and 20 seconds after 
the onset of gas administration. At the completion of 
specimens 3, 4 and 5 the blood in the exhaust syringes 
was reinjected to clear the system and prevent clotting. 
Prior to the collection of specimens 4 and 5, the sampling 
systems were again cleared by drawing blood back into 
the exhaust syringes at a rate of one ml. per 5 seconds 
to a total volume of 4 ml. as had been done prior to the 
first specimen. It is important that the collection into 
the exhaust syringes proceeds at the same rate as the col- 
lection of the specimens in the sample syringes, since 
the volume of the dead space has already been filled when 
sampling has begun and this blood constitutes part of the 
sample submitted for analysis. 

The arterial and venous concentrations of NO were 
plotted at the midpoint of the sampling times. The scales 
used were such that the base line (time) exceeded by two 
times in length the vertical scale (arterial and renal 
venous N,O concentrations). This purposeful distortion 
of the curves was produced in an effort to gain more ac- 
curate readings of the arterial-venous nitrous oxide dif- 
ferences at half-minute intervals instead of minute in- 
tervals. The obtaining of half-minute A-V..0 differences 
seemed preferable since the flow rate per unit weight of 
kidney was rapid and the area between the curves small. 
Furthermore, since equilibrium by this method is reached 
in the kidney in 5 minutes, in contrast to a 10-minute 
period for the brain (4) and myocardium (6), this man- 
ner of calculation for renal blood flow provided the same 
number of A-Vw.o differences as it is customary to uti- 
lize in calculating cerebral or. myocardial blood flows. 
However, this distortion of the curves in the renal method 
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Fic. 1. REPRESENTATIVE Nitrous OximpE FLow Curve 


The upper and lower curves represent the arterial and 
venous, and the nitrous oxide concentrations, respectively. 
The short horizontal lines denote the 30-second periods 
of time when the individual samples were obtained dur- 
ing the first 114 minutes and from which the midpoints 
were selected (see Methods). 


necessitates the multiplication of the final calculated re- 
sults by two. In these calculations the partition coeffi- 
cient was assumed to be unity. Such an assumption was 
based on the findings in the dog kidney where the validity 
of the N,O method utilizing this coefficient for measure- 
ment of renal blood flow has been demonstrated by com- 
parison with the bubble flow meter (3). More justifica- 
tion for its use may be derived from the similarity of 
partition coefficients for dog and human brain (4) and 
myocardium (6). 
RESULTS 


A typical nitrous oxide flow curve is shown in 
Figure 1. 

The data on the five normotensive subjects are 
presented in Table I. The values for renal blood 
flow (PAH) (x* = 1200, S.D. 96 ml. per min- 
ute), arterial-renal venous oxygen difference (x = 
1.3, S.D. 0.2 vol. per cent), and renal oxygen con- 
sumption (RBFpan X A-Ro,) (X = 15.2, S.D. 2.0 
ml. per 2 kidneys per minute) are in accord with 
previous publications (7). 

Renal blood flow as determined by the nitrous 
oxide adaptation equaled x = 322, S.D. 59 ml. per 
100 G. per minute, whereas renal oxygen con- 
sumption, utilizing this method, was x = 4.1, S.D. 
0.5 ml. pez 100 G. per minute. 


5 = mean. 
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TABLE I 
Renal weight in vivo (normal male) * 
Age TRBF RBF (N:z0) A-Ro. Qo 
ws. ml./min mi./100 G./min. oom vols. % Ral /min. 
1 21 1,205 328 367 1.0 30 12.1 
2 26 1, 342 380 1.2 4.1 15.1 
3 34 1,050 260 404 1.5 3.9 15.8 
4 37 1,260 406 310 1.2 4.9 15.1 
5 34 1,175 272 432 5 4.1 17.8 
i 30 1,200 322 379 1.3 4.1 15.2 
(+96) (+59) (+46) (+0.2) (+0.5) (+2.0) 
UVpan 


* TRBF = total renal blood flow = i” 


RBF (N,0) = renal blood flow nitrous oxide technique. 


Renal weight = RBF (NiO) X 100. 
A-Ro, = arterial-renal venous oxygen difference. 


lo; = RBF (N20) X A-Ro, = ml. oxygen/100 G./min. 
lo; = ml. oxygen/2 kidneys/minute = TRBF X A-Ro,. 
+ Patient—all were free of organic disease and on psychosomatic service. 


xX = mean. 
o = standard deviation. 


Renal weight, calculated as the quotient of total 
renal blood flow (PAH), expressed as ml. per 
minute, and renal blood flow (N,O), expressed as 
ml. per 100 G. per minute, multiplied by 100, was 
& = 379, S.D. 46 grams. This figure compares 
favorably with the kidney weights obtained at 
autopsy by Wald of x = 323, S.D. 57 grams (8), 
and with the mean value of 388 grams given by 
Lee and Thomas (9) for normotensive males of 
this age group. 

Table II shows initial (control) values as well 
as values determined 45 minutes later for renal 
blood flow, determined by the nitrous oxide tech- 
nique, and for renal weights in seven patients with 
a variety of renal disease states. The means of 
the individual ratios relating the initial (control) 
observations to those obtained 45 minutes later 
were 1.02 (S.D. 0.11) and 1.02 (S.D. 0.13) for 
renal blood flow and renal weight, respectively. 


DISCUSSION 


The assumptions upon which the adaptation of 
this method to studies of renal blood flow are based 
have been discussed by Conn, Anderson, and 
Arena (3) and Conn, Wood, and Schmidt (10) 
and insofar as possible have been tested in these 
experiments. In addition it was determined that, 
even allowing for clearance of the urinary tract 
“dead space,” the urinary loss of nitrous oxide 
during the five minutes of inhalation was negligible 


(< .002 ml. N,O). Obviously it has not been 
possible to check the estimated renal blood flow 
by the nitrous oxide technique against a direct 
method, as was done by previous investigators in 
the dog (3), but the good agreement of the calcu- 
lated renal weights reported in this paper with 
those obtained at autopsy (8, 9) supports the 
validity of the data. 

Furthermore, in the calculation of renal weight, 
particularly in disease states, it must be assumed 
that: 1) The blood flow per unit weight of kidney 
(i.e., the N,O flow) is uniform throughout both 
kidneys. This might not be true in conditions 
such as polycystic disease of the kidneys, renal 
tumors, unilateral renal disease, etc. 2) The meas- 
urement of renal blood flow by the Fick PAH 
method represents the total renal blood flow 
through both kidneys. An example for which 
such an assumption would not be valid is complete 
unilateral ureteral obstruction. In such an in- 
stance the total renal blood flow, and therefore the 
renal weight, might be in error by 50 per cent of 
the actual renal weight. 3) The partition coeffi- 
cient of N,O remains unity. In these studies 
this has been assumed to be true. In experiments 
on dogs (10) in which bilateral renal disease was 
purposely induced by a variety of methods this 
coefficient remained unchanged. However, fur- 
ther studies should be performed to evaluate this 
point either directly, as in patients with renal 
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TABLE II * 
Reproducibility of renal blood flow (N20) and renal weight 


Cc 
Control 45 minutes Ratle 45 min. 
TRBF RBF(N:20) Renal TRBF RBF(N:0) Renal 

Pt. ml./2 Kg./ ml./100G./ weight ml./2 Kg./ ml./100G./ weight Renal 

Diagnosis min. min. grams min. min, grams RBF (N:0) weight 
Fr. 3 390 157 248 380 167 228 0.94 1.09 
Chronic pyelonephritis 
D.S. 2,030 398 510 1,790 406 440 0.98 1.16 
Diabetic nephropathy 
&. R, 630 336 186 630 348 182 0.97 1,02 
Essential hypertension 
L.A, 1,215 398 307 1,285 394 327 1.01 0.94 
Essential hypertension 
| a 1,070 303 353 1,060 324 328 0.94 1.08 
Essential hypertension 
M. H. 675 307 220 675 246 274 1.27 0.80 
Chronic glomerulonephritis 

pie, 377 367 1.03 

Chronic glomerulonephritis 
x = 1.02 1.02 
c= +0.11 +0.13 


* Symbols as in Table I. 


disease who are brought to operation for other 
reasons, or indirectly by comparing in vivo and in 
vitro renal weights in such patients as may come to 
autopsy. 

This method presents the following advantages 
in man over the conventional PAH method: 1) 
It obviates the necessity for urine collection and 
its associated error. 2) It may permit the deter- 
mination of renal blood flow in oliguric states. 3) 
The entire procedure for the collection of the 
specimens for subsequent nitrous oxide analyses 
can be performed in five minutes, thereby allow- 
ing a more “instantaneous” measurement of flow 
than other methods. Such a factor becomes im- 
portant in calculations of renal oxygen consump- 
tion. 4) The technique and materials quantitatively 
require no greater skills or costs than the PAH 
method. 5) It provides a method for the de- 
termination of renal oxygen consumption in terms 
of ml. per 100 G. per minute in vivo which should 
lend itself to comparison with renal oxygen con- 
sumption in vitro. 

The disadvantages are those which have been 
found to hold for the adaptation of this method to 


the study of cerebral (4) and coronary (11) 
blood flows. 


SUMMARY AND CONCLUSIONS 


1. The adaptation of the nitrous oxide technique 
to the determination of renal blood flow in man is 
presented. 

2. In five healthy male subjects renal blood flow 
(N,O) was found to be X = 322, S.D. 59 ml. per 
100 G. per minute. 

3. A comparison of calculated renal weights, 
utilizing this method and total renal blood flow 
(x = 379, S.D. 46 grams), with those obtained by 
others at autopsy (X = 323, S.D. 57 grams and 
388 grams) (8,9) was favorable and adds validity 
to the method. 
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The extent of muscle disease encountered at a 
given level of clinical hyperthyroidism varies from 
mild subjective weakness to severe disabling my- 
opathy (1). Inconstancy and variable severity of 
muscle involvement point to some factor apart 
from the thyrotoxic state per se in its genesis. The 
possibility that exhaustion of tocopherol stores is 
the critical variable is raised by analogy between 
the dystrophic morphologic changes, increased 
oxygen consumption, hypercreatinuria, and de- 
pletion of muscle creatine which accompany thy- 
roid hormone excess in animals and man (2-6), 
and similar alterations due to tocopherol deficiency 
in rodents (7-11). The mechanisms of these 
changes are not established, but there is evidence 
that in both hyperthyroidism (12-14) and tocoph- 
erol deficiency (15, 16) impairment of high energy 
phosphorylations results in uncontrolled release 
of energy derived from biological oxidations. 

The possibility of tocopherol depletion in thyro- 
toxicosis is supported by evidence of accelerated 
turnover of other vitamins (17), cholesterol (18), 
and calcium (19) in hyperthyroidism. Increased 
tocophero! requirement in the hyperthyroid state 
is suggested by susceptibility of chicks given ex- 
cess thyroid hormone to vitamin E deficiency (20). 
Of further interest are the reports of prevention of 
thyroxine induced creatinuria in rats (21) and 
children (22) by a-tocopherol. These considera- 
tions stimulated the present survey of the concen- 
tration of tocopherols in sera of patients with thy- 
roid disease. 


METHODS 


Subjects. Observations were made on 115 persons 
classified as follows: 

a. Twenty-nine consecutive patients in whom the diag- 
nosis of Graves’ disease was made on clinical grounds 
and supported by measurement of basal metabolic rate, 
24-hour thyroidal uptake of radioactive iodine and, in 
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most cases, determination of the serum concentration of 
protein bound iodine. 

b. Five patients with active Graves’ disease by the 
above-noted criteria who received specific antithyroid 
therapy within two weeks prior to the first tocopherol 
determination. 

c. Eighteen consecutive patients who were clinically 
hypothyroid and in whom the above-mentioned tests of 
thyroid function supported the diagnosis. This group 
includes one patient receiving methimazole, two patients 
with spontaneous primary hypothyroidism, and fifteen 
who developed myxedema after I™ treatment of hyper- 
thyroidism or, in one case, heart disease. 

d. Thirty random normal subjects, judged to have no 
significant medical or surgical illness by history, physi- 
cal examination, and routine laboratory screening con- 
sisting of Hinton test, hemoglobin determination, chest 
roentgenogram, and urinalysis. 

e. Thirty-three individuals in the euthyroid state but 
not otherwise normal. Nineteen had received treat- 
ment for hyperthyroidism in the past, one had hepatic 
cirrhosis, one Hodgkins’ lymphoma, one a nodular goiter, 
and one was in the terminal phase of amyotrophic lateral 
sclerosis. Three members of this group had diabetes 
mellitus, and the remaining seven coronary artery or 
hypertensive vascular disease. In calculating the mean 
serum tocopherol concentration of the overall euthyroid 
group, i.e., normal controls plus euthyroid patients with 
various disorders, the ten patients with diabetes and 
vascular disease were excluded because they had obviously 
high levels. 

Characterization of the major groupings as to age, sex, 
height, and weight is summarized in Table I. With 
the exception of eight thyrotoxic patients and two hypo- 
thyroid ones who were hospitalized, all subjects were am- 
bulatory and on self-determined diets. 

Tocopherol determinations. The concentration of total 
free tocopherols in serum was measured by the method 
of Quaife and Harris (23) as modified by Quaife and 
Biehler (24). It consists of hexane extraction of 5 ml. 
of alcohol precipitated serum, palladium catalyzed hydro- 
genation of the extract for one minute at 20 pounds pres- 
sure, and a timed determination of the reduction of ferric 
ion using the color of the iron a-a-dipyridyl complex as 
indicator. This method, though not specific, yields re- 
sults which agree to within 5 per cent with bioassays 
(23). In the present study, duplicate analyses were 


made on different days with a simultaneous standard 
The 


curve accompanying each group of 10 unknowns. 
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SHOLEM POSTEL 
TABLE I 
Sex, age, height, and weight of subjects grouped according to thyroid status 
M M 

% height 

Group Number Males Mean Range cm. 4 
Hyperthyroid 29 , 43.7 (18-77) 159.0 53.9 
Normal 30 33 42.7 ae 160.8 66.1 
Overall euthyroid 53 25 44.9 19-75) 158.7 64.0 
Hypothyroid 18 11 49.5 (28-73) 158.2 61.6 


first 53 consecutive duplicate samples deviated 6.2 + 4.4 
per cent from the average of the two samples. The per 
cent, as well as absolute differences, tended to be great- 
est for high values, particularly those over 2.0 mg. per 
cent. Differences between the first samples and their 
duplicates analyzed after one to 77 days in the frozen 
state were not significant. Recovery of 10 to 60 ug. of 
dl-a-tocopherol from serum or reconstituted dried human 
plasma in 16 determinations was 97.2 + 3.1 per cent. Hy- 
drogenation of vitamin A and f-carotene was complete in 
15 seconds. Crystalline cholesterol in amounts equivalent 
to serum concentrations of 0 to 1,200 mg. per cent did not 


modify the 15-second color density of the tocopherol 
standards. Iodide in concentrations of 1,000 ug. per cent 
modified the standard curve, but 100 ug. per cent did not. 
Also, I™ labelled sodium iodide added to serum was not 
extracted into the hexane solvent. Thyroxine in con- 
centrations up to 100 wg. per cent did not modify the color 
reaction. 

Miscellaneous determinations. Basal metabolic rates 
were determined by the thyroid laboratory technicians us- 
ing a Roth-Benedict apparatus. Protein bound iodine was 
determined by the method of Barker (25). The uptake of 
radioactive I™ twenty-four hours after a 10 to 20 micro- 
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SERUM TOCOPHEROLS IN THYROID DISEASE 


curie dose was determined with 3-scintillation detectors 
placed on a 30 cm. diameter circle. The concentration of 
cholesterol in serum was determined in the hospital labora- 
tory using the method of Bloor and Knudson (26). 
Blood samples for tocopherol and cholesterol determina- 
tions were drawn at random times in view of the ap- 
parent constancy of cholesterol (27-29) and tocopherol 
(30) levels throughout the day. The symbol + precedes 
the standard deviation within the observed population. 
A statement of significance implies a P value of less 
than 0.001. Linear correlations of two variables are 
based on Pearson’s product moment coefficient. 


RESULTS 


1, Distribution of serum tocopherol concentrations 
in hyperthyroidism and hypothyroidism 


The mean tocopherol concentration in 29 pa- 
tients with active untreated Graves’ disease was 
0.74 + 0.20 mg. per cent, compared with a mean 
value of 1.20 + 0.22 mg. per cent for the 30 nor- 
mals and 1.21 + 0.23 mg. per cent for the group 
of 53 patients in the euthyroid state. The 18 hy- 
pothyroid patients presented with a mean level of 
2.29 + 0.38 mg. percent. The differences between 
the hyperthyroid patients, hypothyroid patients and 
euthyroid group are all significant (P = < .001). 
The frequency distribution of tocopherol levels 
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Fic. 2. THe MEAN CONCENTRATION OF TOCOPHEROLS 
IN THE SERUM OF INDIVIDUALS GROUPED ACCORDING TO 
METABOLIC STATE 


The distance between the two short vertical bars 
represents, in each case, two standard deviations. 


among these 100 patients is given in Figure 1, and 
the mean concentrations for the various popula- 
tions in Figure 2. Five patients with active 
Graves’ disease who had received treatment either 
in the form of iodides or antithyroid drugs within 
two weeks of the initial tocopherol determinations 
had serum tocopherol concentrations which were 
not significantly different from the euthyroid 


group. 
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2. Correlation between serum tocopherol level and 
metabolic state 


Having defined low and high serum tocopherol 
levels in patients with hyperthyroidism and hypo- 
thyroidism, respectively, an attempt was made to 
appraise the extent to which the tocopherol con- 


centration parallels the metabolic state of the pa- 
tient. In the absence of an accurate direct index 
of level of metabolism, the correlations between to- 
copherol level and basal metabolic rate, serum pro- 
tein bound iodine (PBI) and 24-hour radioactive 
iodine uptake, respectively, were examined. Figure 
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3 is the scattergram of all of the 116 instances in 
which tocopherol level and BMR were deter- 
mined on the same day. The coefficient of corre- 
lation was — 0.593. The coefficient of correlation 
for 116 paired values of tocopherol and PBI was 
— 0.653 (Figure 4), and for 65 pairs of simul- 
taneous tocopherol determinations and 24-hour 
radioactive iodine uptake — 0.682 (Figure 5). 


TABLE II 


Correlation of serum tocopherol and serum cholesterol concentrations compared with correlation of serum 
tocopherol concentration with indices of thyroid function 


“Z”’ transformations of these coefficients indicate 
a probability of less than 0.001 in each case. 


3. Correlation between tocopherol and cholesterol 
concentrations in seruss—~ ~ 


The fat solubility of tocopherols and the well 
established inverse relationship between metabolic 
level and serum lipid concentration, particularly 


Maximum pairs (all subjects) 


Hypo- and hyperthyroid subjects 
under treatment 


4Z AZ 
No. Zt SEA No. Zz SEA P 
Tocopherol and 116 +0.801 1.102 + .0941 56 +0.790 1.071 + .1374 
cholesterol 
compared with: 
T sqaghanet and 101 —0.653 0.780+41010 2.331 <0.02 56 —0.717 0.902 + .1374 0.871 >0.33 
PB >0.01 
Tocopherol and 116 —0.593 0.682+.0941 3.158 <0.005 56 —0.736 0.941 + .1374 0.205 >0.50 
BMR >0.001 
Tocopherol and 65 —0.682 0.833+4.1270 1.702 <0.10 Not analyzed § 
tracer >0.05 


* Pearson’s product moment coefficient. 
+t Fisher’s ‘“‘Z”’ transformation. 


Tracer data excluded because patients receiving treatment. 
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TABLE III 
Clinical and laboratory data and serum tocopherol concentrations in patients with untreated toxic diffuse goiter 


Dura- Weight 24-hr. 
tion loss Height Weight BMR PBI I-131 Cholesterol Tocopherol 

Pt. Sex Age mos. Severity* Kg. Weaknesst cm, Kg. % us. % uptake mg.% mg. % 
A.F. F 43 5 + 0 0 156.2 52.9 +28 11.7 83 380 1.14 
B. G. F 41 30 ++ 8.2 + 166.5 55.7 +61 66 0.74 
oe F 36 9 +++ 6.8 +++ 154.7 36.1 +60 14.9 77 183 0.54 
oe M 64 12 ++ 5.4 + 162.8 59.8 +44 9.2 55 198 0.80 
Cc. 8B. F a2 4 +--+ 4.0 + 172.3 69.7 +63 14.3 74 183 0.81 
&& 9 M 31 12 +++ 11.4 + 168.8 48.4 +54 16.9 46 210 0.57 
D.M. F 63 36 +++ t + 150.5 49.2 +42 17.7 87 211 0.75 
D. A. F 54 24 ++ t + 154.3 41.8 +29 68 257 0.86 
D.L. F 52 24 + 4.1 + 163.4 66.9 +21 85 0.96 
D.M. F 35 ? + 0.0 0 146.0 47.2 +27 8.9 77 321 0.87 
F. A. F 52 5 ++ 3.6 + 165.1 75.7 +37 12.1 70 185 0.52 
F. D. F 31 12 +++ t + 57.2 +25 11.8 64 182 0.53 
F. M. F 53 36 ++ 21.4 + 157.1 45.1 +36 10.6 66 264 1.04 
i, <. F 52 6 + t + 156.5 55.6 +22 12.1 79 0.98 
H. B. F 37 10 +++ 16.8 + 157.4 56.1 +46 69 130 0.34 
H.M. F 40 3 a 91 + 161.1 51.8 +48 12.3 88 221 1.09 
H. D. F 31 6 ++ t ++ 162.7 47.6 +29 10.5 68 0.72 
d.M. F 38 12 S oie oe t + 154.7 34.1 +19 10.8 67 0.57 
K.G. F 67 24 ++ 31.8 ++ 161.5 47.5 90 0.82 
K. B. F 25 3 + 3.6 0 +15 5.4 50 0.82 
K. A. F 24 5 +++ 22.2 + 161.7 67.9 +41 12.0 84 137 0.52 
i. F 38 6 ++ t + 43.2 78 0.64 
ba As F 61 18 +++ 364 + 157.4 42.8 +72 13.4 72 247 0.82 
M.N. F 18 24 ++ t +|| 76.2 +55 9.8 51 169 0.48 
M. E. F 77 12 +++ ; +++ 40.0 12.1 69 143 0.68 
P. M. F 49 12 ++ 0.0 ++ 165.0 89.0 —4 8.3 60 222 0.67 
R, I. F 53 12 + 4.1 + 156.4 53.9 +34 12.8 70 238 0.62 
R. D. F 52 84 +++ 0.0 +++ 158.0 47.3 + 8 12.8 67 195 0.52 
S. H. F 37 12 + § + 151.3 52.9 +19 10.5 69 215 0.94 


* One plus: mild; two plus: moderately severe; three plus: severe. 
0: weakness not a significant symptom; +: weakness present but not a dominant feature; +++: weakness 
subjectively and objectively marked and labelled ‘‘thyrotoxic myopathy.” 


¢ Lost weight, but amount unspecified. 
f Xained 3.2 Kg. 
Atrophy of humeroscapular muscles. 


cholesterol, prompted inquiry into the manner in 
which tocopherol and cholesterol concentrations 
were correlated. The coefficient of correlation was 
+ 0.801 for 116 paired values spanning a range of 
130 to 492 mg. per cent for cholesterol and 0.34 
to 3.07 mg. per cent for tocopherol (Figure 6). 
This degree of correlation is greater than for maxi- 
mum paired correlations of serum tocopherol con- 
centration with the PBI, BMR, and possibly the 
24-hour thyroidal uptake of I*** (Table II). In 
patients with hyperthyroidism and hypothyroidism 
under treatment, 56 sets of simultaneous to- 
copherol, BMR, PBI, and cholesterol determina- 
tions disclosed no significant difference between 
the correlations of tocopherol concentration with 
each of the other variables (Table II). 


4. Correlation between serum tocopherol concen- 
tration and obesity or leanness 


A critical difference between thyrotoxic, eu- 
thyroid, and hypothyroid groups is the body 


weight, thyrotoxic subjects generally being under- 
weight, hypothyroid patients tending to obesity. 
To test the bearing of weight status on tocopherol 
levels, members of the euthyroid group were 
ranked as to per cent departure from standard 
weight (31, 32) for the given height, neglecting 
age. The range of deviation from standard weight 
was — 29 per cent to + 97 per cent. Rank cor- 
relation with tocopherol concentration was not 
significant (“r” = + 0.173), indicating that body 
weight does not in and of itself account for the 
group differences. In addition, ten subjects pre- 
senting a clinical picture suggestive of possible 
thyrotoxicity but shown by test to be in a euthyroid 
state, had a mean tocopherol concentration of 
1.240 + 0.32 mg. per cent. This group included 
one patient with a 30 Kg. weight loss achieved by 
an 800 to 1,000 calorie diet over a 19-month pe- 
riod. At the end of this period, the tocopherol 
level was 1.07 mg. per cent. Other cases in point 
are those of an uncontrolled diabetic who lost 9.1 
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TABLE IV 
Response of serum tocopherol concentrations to treatment of hyperthyroidism 


BY R 
Interval Status’ 
since Rx. post- 
(weeks) Rx. 


Tocopherol 


PBI Cholesterol 
% mg. 


mg. 


Pre- 
Rx 
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334835 


Peevey | 


OO 


PUN 


NO, 


— 
ssssssrsess 


*H: hypothyroid. 
E: euthyroid. 
T: still toxic. 

+ Methimazole. 

t Propylthiouracil. 


Kg. in 3 months and had a serum tocopherol con- 
centration of 1.90 mg. per cent, and one patient 
with an anorexia nervosa-like syndrome whose 
tocopherol level was 1.21 mg. per cent notwith- 
standing an 18.2 Kg. weight loss over a 7-month 
period. Furthermore, analysis of the clinical fea- 
tures of the thyrotoxic group, vide infra, disclosed 
low serum tocopherols in patients who were 
grossly obese. 


5. Relation between clinical status and tocopherol 
levels among thyrotoxic patients 


Analysis of the thyrotoxic patients as to age, 
sex, duration of illness, extent of weight loss, 
clinical estimate of the severity of thyrotoxicity and 
prominence of muscular weakness yielded no 
clue upon which to base predictions of tocopherol 
level with complete confidence. However, from 
inspection of Table III it appears that, in general, 
patients with severe Graves’ disease have the low- 
est levels (0.3 to 0.8 mg. per cent), while those 
with mild or relatively asymptomatic forms of the 


disease tend to values approaching normal, e.g., 
0.8 to 1.1 mg. per cent. Noteworthy exceptions 
to these generalizations are patient L. A. with very 
severe disease and a tocopherol concentration of 
0.82, and patient R. I. who had a level of 0.62 but 
was essentially asymptomatic. It is clear that 
weight loss as such is not the critical variable. 
Thus, very low values of 0.52, 0.67, 0.62, and 0.52 
were observed in patients F. A., P. M., R. I., and 
R. D., respectively, in none of whom weight loss 
was striking. Indeed, of these patients F. A. and 
P. M. were grossly obese, weighing 75.7 and 
89.0 Kg., respectively. In three thyrotoxic indi- 
viduals (C. E., M. E., and R. D.), muscular weak- 
ness and atrophy were dominant clinical features. 
All three had very low tocopherol levels, 0.54, 
0.68, and 0.52 mg. per cent, respectively. One pa- 
tient, M. N., with distinct shoulder girdle atrophy 
which had no apparent explanation other than her 
thyrotoxic state, was quite well preserved as to fat 
deposits (weight, 76.2 Kg.) and had a low serum 
tocopherol of 0.48 mg. per cent. 
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TABLE V 
Response of serum tocopherol concentration to treatment of hypothyroidism 


BMR PBI Cholesterol Tocupherol 
% % ms. To mg. To 

Duration 
of Rx. Pre- Post- Pre- Post- Pre- Post- Pre- Post- 
Pe. Rx. (weeks) Rx. Rx. Rx. Rx. , Rx. Rx. Rx. 
B.A. T-3* —-21 — 2 3.4 0.4 335 251 1.92 0.83 
D. A. T-3 Ac.t 13 — 30 + 2 1.0 339 418 2.42 1.48 
G. D. - 12 —26 — 4 2:7 410 184 2.43 1.01 
H. D. T-3 6 —22 +25 1.0 2.1 423 220 1.95 0.69 
P.G. D. TJ 6 —41 —10 2.6 491 293 2.34 1.20 


* T-3 = dl-triiodothyronine. 
+ T-3 Ac. = triiodothyroacetic acid. 
1 D.T. = desiccated thyroid. 


6. Response of tocopherol concentration to change 
in metabolic state 


In 21 of the 29 thyrotoxic patients, determina- 
tions were available after treatment with radio- 
active iodine (13 cases) or antithyroid drugs (8 
cases). Ten of the 21 follow-up determinations 
were made when the patients had reached a eu- 
thyroid state, and, in 6 instances, after progres- 
sion to mild to marked hypothyroidism. Of the 
remaining 5 patients who were still thyrotoxic, 3 
were definitely improved. With the exception of 
the two patients who were unchanged clinically 
after treatment (C. T. and D. M.), there was a 
rise in tocopherol level in response to correction of 
the hyperthyroid state. As noted in Table IV, 
this ranged from a minimum of an 18 per cent in- 
crease in patient G. C. who had a normal level to 
begin with, to a 340 per cent increase 8 weeks after 
I*** treatment and return to the euthyroid state in 
patient H. B. 

The responses of 5 hypothyroid patients to 
treatment with thyroid hormones are recorded 
in Table V and portrayed graphically in Figure 7. 
In each case there was a definite fall in the serum 
tocopherol concentration to normal levels, or, in 
the one case in which the patient became thyro- 
toxic on treatment with dl-triiodothyronine 
(H. D.), to subnormal levels. The acuteness of 
the drop in tocopherol concentration is illustrated 
in Figure 8, which depicts the course of one pa- 
tient with classical, spontaneous myxedema during 
the daily intravenous administration of triiodo- 
thyroacetic acid.” 

2 Prepared by Dr. Rosalind Pitt-Rivers. The author 


appreciates the permission of Dr. Jacob Lerman to re- 
port these data. 


In both thyrotoxic and hypothyroid groups, 
swings in tocopherol level corresponding to meta- 
bolic state were paralleled by changes in the con- 
centration of serum cholesterol. This relationship 
was established in the preceding analysis in which 
a coefficient of correlation of + 0.801 was noted 
for all pairs. The imperfections in this correla- 
tion are of special interest, as in the case of the 
above cited patient treated with triiodothyroacetic 
acid, whose serum cholesterol rose with restoration 
of metabolism to normal while the tocopherol con- 
centration fell (Figure 8). Conversely, in thyro- 
toxic patient D. M., an initial abnormally high 
serum cholesterol level decreased upon return to 
a normal metabolic state and tocopherol concen- 
tration. 


DISCUSSION 


These observations indicate a strong inverse 
relationship between levels of thyroid function 
and the concentration of total free tocopherols in 
serum. This disagrees with the stated conclu- 
sions of a recent study (33) of 16 individuals with 
suspected thyroid dysfunction in whom no such 
correlation was noted. However, low tocopherol 
levels were noted in 3 out of 8 patients with basal 
metabolic rates of + 10 or over, and in 2 of these 
3 cases, increases in tocopherol concentration were 
observed during medical treatment of hyper- 
thyroidism. It is likely that expansion of this 
series and application of discriminating tests of 
thyroid function would have yielded conclusions 
in keeping with those of the present report. The 
report of a high level in one hypothyroid child 
(34) is in accordance with the observations re- 
ported here. 
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The mean concentration of tocopherol in the 
sera of thyrotoxic patients is significantly low by 
normal standards set in all studies in which the 
method of Quaife and Harris was used (23, 
35-40), as well as in relation to the internal con- 
trols. In the present series, serum levels of more 
than 1.2 mg. per cent rule out untreated Graves’ 
disease, and a concentration of less than 1.7 mg. 
per cent is inconsistent with the diagnosis of hy- 
pothyroidism. Since low serum tocopherol levels 
occur in humans with absorption defects (35, 41), 
non-specific under-nutrition (36), and kwashi- 
orkor (42), it is conceivable that low values ob- 
served in the thyrotoxic group relate to a deficit 
in absorption or diet. These are unlikely major 
factors in view of the isocaloric status of some 
patients, the lack of correlation between tocopherol 
level and weight, and the absence of steatorrhea 
and stigmata of other vitamin deficiencies. Simi- 
larly, low levels observed in some patients with 
liver disease (40, 43) raise the possibility that the 
thyrotoxic effect is mediated via deleterious in- 
fluences on liver function. This mechanism can- 
not be excluded, but is not likely without more 
obvious marks of hepatic insufficiency associated 
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termination of the BMR on the 4th day. 


with cases of liver disease in which low tocopherol 
levels were found. 

Strong positive correlation between concen- 
trations of total cholesterol and tocopherols in 
serum shows that the fat-soluble tocopherols share 
the reciprocal relationship of serum lipid concen- 
trations and levels of thyroid activity (44-46). 
On the other hand, alteration of tocopherol con- 
centration with the total lipid compartment or one 
or more of its components is obviously not criti- 
cally or uniquely related to thyroid function in 
view of hypertocopherolemia with various hyper- 
cholesterolemic disorders (41), and the rise in 
serum tocopherol levels in pregnancy (39), and 
in patients with diabetes mellitus who have high 
serum cholesterol concentrations (47). This gen- 
eral close association of tocopherol levels with 
concentrations of cholesterol in serum is borne out 
by greater correlation between cholesterol and 
tocopherol levels than between specific indices of 
thyroid function and tocopherol levels in the over- 
all population sampled. 

Occasional dissociation of cholesterol and to- 
copherol concentrations is of theoretical interest, 


2.5 
KSA 400 
CHOLESTEROL p 
2» 300 : 
A (%) “10 ow 
65y : 
BODY WEIGHT ; 
(Kg) 60 
55 


1354 SHOLEM 


and is pertinent to the possible usefulness of the 
serum tocopherol concentration as a laboratory 
adjunct in appraising metabolic state. Where thy- 
roid activity appears to dictate the rate of syn- 
thesis as well as the degradation and excretion of 
cholesterol (18, 48), it is not surprising that cho- 
lesterol levels are occasionally elevated in hyper- 
thyroidism (as in cases A. F. and D. M.) or that 
cholesterol concentration rises rather than falls 
during acute correction of hypothyroidism (as in 
case D. A. cited in Figure 8). Regulation of to- 
copherol concentration, on the other hand, would 
be determined primarily by intake, absorption, 
and rate of disposal without a component of syn- 
thesis in the equilibrated state. These examples 
of discrepancy between cholesterol and tocopherol 
concentration argue against the possibility that the 
observed changes are actually determined by the 
cholesterol content of serum. 

It is impossible on the basis of serum concen- 
tration of tocopherols alone to estimate total to- 
copherol stores, aberrations in their metabolism, 
or the physiologic significance, if any, of the 
changes observed. It is fair, however, by analogy 
with low tocopherol levels in tocopherol depleted 
animals (49) and the fate of other metabolites in 
hyperthyroidism, to speculate that the low serum 
levels reported here reflect accelerated degrada- 
tion of body tocopherol stores. Direct demonstra- 
tion that this is so waits upon turnover studies or 
measurement of the total daily excretion of end 
products of tocopherol metabolism (50). With- 
out such data one cannot exclude the possibility 
that the changes in tocopherol concentration re- 
flect a direct effect of metabolic state on trans- 
port of tocopherols in serum, or an indirect one 
mediated by alterations in other lipids. Similarly, 
the physiologic impact of a depleted tocopherol 
supply must be appraised in terms of effects of 
tocopherol on the course of the thyrotoxic muscle 
lesion. In this connection, beneficial effects of 
long term therapy with oral tocopherols have been 
reported in 4 of 6 patients with Graves’ disease 
(51). On the other hand, in an acute experiment 
with one subject, two days of treatment with to- 
copherols, including the phosphate ester intra- 
venously, was accompanied by increased thyro- 
toxicity and weakness (52). However, the non- 


specific inhibition of many enzyme systems by the 
phosphate (15), in a fashion seemingly unrelated 
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to the vitamin action of tocopherol, could account 
for the adverse effects noted in this case. 

There is no recognized lesion in man comparable 
to any of the tocopherol deficiency syndromes of 
animals, even in the aforementioned disorders in 
which low tocopherol levels have been shown. 
However, the hypermetabolism and possible in- 
creased tocopherol requirement of patients with 
toxic diffuse goiter results in a unique state. It 
remains reasonable to suggest that the thyrotoxic 
patient may provide the situation par excellence in 
which to find a human tocopherol deficiency state 
expressed as an acute reversible muscular 
dystrophy. 

CONCLUSIONS 


The concentration of total free tocopherols in 
serum is inversely related to the level of thyroid 
function in patients with thyroid disease. In toxic 
diffuse goiter, the concentrations are lowest among 
patients with severe disease, but emaciation as 
such is not a critical variable. Abnormalities in 
serum tocopherol content of thyrotoxic and hypo- 
thyroid patients generally parallel alterations in 
cholesterol level and are uniformly reversed upon 
restoration of normal metabolic state. Tocopherol 
concentrations are not critically correlated with 
clinical estimates of the extent of muscle disease 
in individual patients. Nonetheless, the possi- 
bility that human thyrotoxic myopathy is the ana- 
logue of vitamin E deficiency muscular dystrophy 
in animals merits further consideration. 
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Addendum 


Since submission of this manuscript, there has 
appeared a report of low tocopherol concentra- 
tions in the plasma of 6 hyperthyroid patients and 
high levels in 10 hypothyroid individuals com- 
pared with the control group of 7 normal subjects. 
(Costa, A., Cetini, G., Monteferrario, P., and Vol- 
terrani, O., Sulle possibili interferenze della Vita- 
mina E con la struttura e la funzionalita tiroidea. 
Vitamina E: Atti del terzo Congresso Internazio- 
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Primary aldosteronism is characterized by weak- 
ness—a sequel to potassium loss; hypertension— 
attributed to sodium retention ; thirst and polyuria ; 
and excretion of dilute, alkaline urine (1). These 
defects imply significant changes in renal function. 

The purpose of this report is to describe pre- 
and postoperative observations of renal function 
in three patients suffering from aldosterone-se- 
creting adrenal cortical tumors. 

The data indicate that excess urinary potassium 
excretion is attributable to aldosteronism as such, 
and may bear on the basic cellular mechanism of 
action of aldosterone. The polyuria and excretion 
of dilute urine are recognized sequelae of potassium 
deficiency and probably not directly due to hor- 
monal action. It also seems likely that renal 


tubular fluid as delivered from some proximal site 
to more distal tubules may be hypotonic rather 


than isotonic. The data suggest that aldosterone 
has profound effects on the maintenance of renal 
blood flow and glomerular filtration rates. From 
the clinical aspect, the diagnosis of aldosteronism 
should be strongly suspected in patients with hy- 
pertension of unknown origin who, in the pres- 
ence of adequate renal excretory function, excrete 
alkaline urine and show loss of urinary concen- 
trating power. 


METHODS AND PROCEDURES 


The three patients studied suffered from primary al- 
dosteronism which was cured by resection of small 
adrenal cortical adenomata. Detailed diagnostic data 
together with evidences of impaired glucose tolerance are 
reported elsewhere (2). All three had had hypertension 
for years, all showed hypokalemia with hypochloremic 
alkalosis, impairment of urinary concentrating power and 
persistently alkaline urine. Preoperatively, the aldosterone 
content of the urine was increased in each. 

Renal functions were studied pre- and postoperatively. 
Renal plasma flow and glomerular filtration rate were 
measured from the plasma clearances of para-aminohip- 


1 Presented at the 28th Annual Meeting of the Central 
Society for Clinical Research, Chicago, IIl., Nov. 5th, 
1955. 


purate (PAH) and mannitol. Total renal vascular re- 
sistance was calculated by the formula of Gomez (3). 
The functions of water conservation and electrolyte ex- 
cretion were observed simultaneously. Water con- 
servation was determined from the differences (T‘0) 
between urine flow (V) and osmolal clearance (Cosm) 
(4) during osmotic diuresis in hydropenia (water depri- 
vation for 16 or 24 hours and/or infusion of Pitressin®). 
The priming solution contained 260 mOsm. of mannitol 
and 0.6 gm. of PAH; the sustaining infusion supplied 
about 3 mOsm. of mannitol and 15 mg. per PAH per min- 
ute. Urine formed dyring. the first 20 minutes was dis- 
carded; it was then collected from an indwelling urethral 
catheter at 3 to 6 successive intervals of about 10 min- 
utes; blood was sampled prior to giving the priming solu- 
tion and at intervals of about 20 minutes. Urine and 
plasma were analyzed for PAH and mannitol (5), chlo- 
ride (6), sodium, potassium, and osmolality. Sodium and 
potassium determinations were done with a Baird flame 
photometer using lithium as the internal standard. 
Osmolality was determined cryoscopically, using a Fiske 
Osmometer. 

Urinary concentrating power was measured irom the 
nonprotein specific gravity of urine collected during the 
last 12 hours of a 24-hour period of fluid deprivation 
(5). The specimen was also used for determinations of 
proteinuria, pH and the urinary sediment count. 


RESULTS 
1. Renal hemodynamics (Table I) 


(a) Preoperative. Plasma clearances of PAH 
(Cpan) were somewhat depressed, but plasma 
clearances of mannitol (Cy) were within the range 
of normal ; filtration fraction was increased in pa- 
tients 1 and 3. Blood pressure was elevated in all. 
Renal vascular resistance (R) was increased in 
patients 1 and 2; this function was not calculated 
in patient 3. In this last patient a low Cpan and 
very high filtration fraction indicated that renal 
extraction of PAH might be defective, so that 
Cpan was not considered equivalent to renal 
plasma flow. 

(b) Postoperative. Two weeks to two months 
after operation, Cpan was further decreased in 
all, with associated decreases in Cy and decreases 
in filtration fraction in patients 1 and 3. Mean 
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TABLE I 
Hemodynamic data preoperatively and postoperatively * 


R X10! 
Cran Cu dynes per 
Time of a Pm Sec. per 
Patient study ml. per min. F.F. mm. Hg cm~6 


1 Preop. 412 109 0.29 134 14.67 
Postop. 
2 mo. 275 «41 0.16 102 19.8 
64mo. 531 80 0.17 102 7.8 


2 Preop. 443 84 0.21 166 16.83 
Postop. 
1 mo. 36771 0.21 157 16.49 
4mo. 34391 0.30 165 20.3 


3 Preop. 262 113 0.48 137 
Postop. 
2 wk. 173 37 0.24 103 24.0 
3 mo. 218 = Si 0.27 123 21.9 


* Patient numbers as in text. Plasma clearances (C) of 
p-aminohippurate (PAH) at low plasma concentrations, 
and of mannitol (M) in ml. per minute per 1.73 sq. m. of 
body surface, the data being averages of serial periods of 
urinary collection. Filtration fraction (F.F.), mean of 
averages of systolic and diastolic arterial pressures (Pm), 
and renal vascular resistance (R). 


blood pressure (Pm) had returned to normal in 
patients 1 and 3 and remained high in patient 2, 
whereas R was abnormally high in all. Three to 
6 months after operation, Cpan had returned to a 
normal level in patient 1, was unchanged in pa- 
tient 2, and was slightly increased over the last 


determination in patient 2. Cy had returned to 
normal levels in patients 1 and 2, and was some- 
what increased over the previous determination in 
patient 3; blood pressure was at normal levels 
only in patient 1. R was greatly decreased since 
the last observation in patient 1, slightly decreased 
in patient 3, and somewhat increased in patient 2. 


2. Water conservation (Table IT) 


(a) Preoperative. Although excretory func- 
tions in terms of Cpan and Cy were not greatly 
depressed, maximal urinary nonprotein specific 
graviti s were disproportionately low. During 
osmotic diuresis, either after water deprivation, 
during Pitressin® infusion, or in the presence of 
both, the urine/plasma osmolality ratio (U/Posm) 
approximated unity, so that water conservation 
function (T°q.0) could be calculated only in pa- 
tient 2; there was net excretion (clearance) of 
free water (Cy.o) at rates of 0.12 and 0.71 ml. 
per minute in patients 1 and 3, respectively. 

(b) Postoperative. Maximum urinary specific 
gravity was not increased in the first observations 
in patients 1 and 2, but had increased slightly in 
patient 3. In the second set of observations, there 
was still no change in patient 1, a slight increase 
in patient 2, and, as compared with the preopera- 


TABLE II 
Water conservation * 


During osmotic diuresis 


1 2 3 4 5 6 7 8 9 10 
Patient Time of Max. urine Teno U/P Osm Stimulus 
study sp. gr. Cosm Vv TeH,0 100 
(Addis) ml. per min. 
1 Preop. 1.016 13.11 13.23 12 .99 Hydropenia 
Pitressin ® 
Postop. 
2 mo. 1.015 3.96 2.44 1.52 3.77 1.62 Hydropenia 
63 mo. 1.017 5.45 2.91 2.54 3.17 1.88 Pitressin ® 
2 Preop. 1.013 13.82 13.23 59 1.04 Pitressin ® 
Postop 
1 mo. 1.014 11.90 7.80 4.10 5.80 1.52 Hydropenia 
4 mo. 1.017 12.34 8.02 4.32 4.76 1.54 Hydropenia 
3 Preop. 1.011 16.29 17.00 =i .96 Pitressin ® 
Postop. 
2 wk. 1.016 6.40 4.82 1.58 4.20 1.33 Pitressin ® 
3 mo. 1.017 10.57 8.24 2.33 4.67 1.28 Hydropenia 


* Maximum urinary specific gravities during Addis concentration tests (column 3). Subsequent columns are data 
obtained during clearance measurements as in Table I. Osmolal clearance (Cosm), urinary volume (V), maximum rate 
of water reabsorption in urinary concentration (T*s,0), and rate of positive free water clearance (Cy,0), all in ml. per 


minute per 1.73 


sq. m. of body surface. T°g,0 also is expressed in units per 100 ml. of plasma mannitol clearance. 


Column 9 lists the values of the ratio of urinary/plasma osmolality, and column 10 indicates the stimulus (hydropenia 
or Pitressin@, each alone or combined) to water conservation in the tests. 
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tive test, a large increase in patient 3. During 
osmotic diuresis, the ratio U/Posm was greater 
than unity, so that the water conservation func- 
tion T*y,o was distinctly positive in all three pa- 
tients. At the first observation, Cosm was depressed 
in patients 1 and 3 by decreased glomerular 
filtration rates; calculations of T*y,o in rela- 
tion to filtration rate (T°x.0/Cy) indicated nor- 
mal values with little change in the subsequent 
observations, although Cy increased in patients 1 
and 3. 


3. Plasma electrolytes and electrolyte excretion 
(Table III) 


(a) Preoperative. Serum sodium was within 
the normal range; serum potassium was low 
and CO, combining power increased. In spite of 
the hypokalemic, hypochloremic alkalosis, urinary 
pH was persistently 7 or more, even during con- 
centration tests, in which the urine is usually acid. 

During osmotic diuresis, the percentage of fil- 
tered sodium which was reabsorbed varied from 
95.08 (patient 1) to 91.6 (patient 3) ; potassium 
excretion (UxV) was greatly augmented, with 
the ratio Cx/Cy ranging from 0.5 to 0.8. Patient 
3 was given acetazoleamide (Diamox®) intra- 
venously, with resultant further decrease in so- 
dium reabsorption and increase in the ratio 
Cx/Cy from 0.79 to 1.32. 


TABLE IIIA 
Urine pH and plasma electrolytes 


Plasma electrolytes 
(mEq./L.) 


Time of Urine 
study pH Cl 


87.5 
Postop. 
2 mo. 104 
64 mo. 5.5 104 


Preop. 15 93 
Postop. 
1 mo. 5.5 7 101 
5 mo. i 113 


90.3 


101.5 
95.9 


COs 
35.8 


17.6 
22.3 


32.0 


21.4 
19.7 


31.2 


20.1 
23.1 


Patient 


1 Preop. 7.0 


Preop. 

Postop. 
2 wk. . 147 
3 mo. 145 


(b) Postoperatwe. In each patient, hypochlo- 
remic alkalosis was replaced by acidosis, and hy- 
pokalemia by normal or slightly increased serum 
potassium concentrations. These changes were 
mild and transient in patient 3, but persistent in 
patients 1 and 2 at 6% and 4 months, respectively, 
after operation. The urine became acid shortly 
after operation. 

At the first observation during osmotic diuresis, 
the percentage of filtered sodium which was reab- 
sorbed was decreased in patient 2 and increased 
in patients 1 and 3; the filtered sodium load 
(Lya, viz., Pra X GFR) was decreased in all. 


TABLE IIIB 
Electrolyte excretion * 


Lya UnaV 
mEq./min. 


Per cent 
Na reab. 


14.8 727 


5.65 183 
12.48 241 


13.2 939 


828 


1 mo. 9.6 
4 mo. 14.53 


Preop. 
Control 
Diamox ® 

Postop. 

2 wk. 
3 mo. 


1.342 
1.898 


353 
827 


-146 
053 


334 


.260 
436 .043 


.213 


333 125 37 
416 -114 32 


95.08 


96.7 
98.06 


92.8 

91.37 
93.38 
304 .231 78 
252 1.32 


062 39 
.089 44 


91.60 
83.07 .192 


93.46 174 
88.76 


* Values measured during clearance tests as in Table I. Lyg = plasma Na (mEq. per ml.) times Cy times 1.1 (the 
latter factor being used to adjust Cy to the rate of glomerular filtration); Un.V = urinary Na excretion; per cent Na 


reabsorbed was calculated as (Lys — UnaV/Lwa)100. Lx and UxV are, respectively, filtered load and uri 
excretion calculated as were the corresponding Na data. Cx/Cw expresses,roughly the proportion of filtered 


in the urine. 


potassium 
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Patient study | mEq./min, Cx/Cu 

Postop. 
64 mo. ll 
2 Preop. 
Postop. 
3 
16.1 
11.8 
7.7 
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TABLE IV 
Proteinuria and urinary sediment counts * 


Sediment counts 
Time of Proteinuria Casts RBC WBC 


Patient study gm./24 hr. millions/12 hr. 
1 Preop. 0.5 0 4.0 5.0 
Postop. 
2 mo. 0.07 0.7 “2 0.84 
74 mo. 0.08 1.8 2.0 0.5 
2 Preop. 0.23 0.04 0.4 6.5 
Postop. 
1 mo. 0.10 0 0.76 0.76 
4 mo. 0.13 0.25 1.4 3.0 
3 Preop. 0.63 0.02 0 8.0 
Postop. 
2 wk. 0.29 0.92 2.0 16.4 
3 mo. 0.25 0.12 0.52 10.6 


* Urinary protein excretion (Addis-Shevky method) in 
grams per 24 hours, and urinary sediment counts for casts, 
red and white blood cells, in millions per 12 hours pre- 
operatively and postoperatively. 


At the second observation, Ly, had increased in 
all three, and the percentage of sodium reabsorbed 
was increased over the previous observation in 
patients 1 and 2 and decreased in patient 3; the 
ratio Cg/Cy was greatly decreased in the postop- 
erative observations. 


4. Proteinuria and urinary sediment (Table IV) 


(a) Preoperative. There was slight proteinuria 
in each patient; cylindruria was absent or moder- 
ate; hematuria was present in patient 1 and in- 
creased numbers of white cells were present in all. 

(b) Postoperative. Proteinuria diminished to 
normal ranges in patients 1 and 2 and to nearly 
normal in patient 3. Patients 1 and 3 showed 
large numbers of casts; hematuria diminished in 
patient 1 and appeared at a low rate in patient 2; 
white cell counts returned to normal in patients 1 
and 2 and persisted at a high rate in patient 3. 


DISCUSSION 
1. Hemodynamics 


(a) Hypertension. Desoxycorticosterone (DC) 
and NaCl elicit hypertension and hypertensive 
vascular disease in rats (7,8). It is assumed that 
the natural mineralocorticoid, aldosterone, would 
do the same, but this has not been the case in ex- 
periments of brief duration in rats (9), although 
it has becn observed when aldosterone administra- 


tion is prolonged (10). Hypertension has been 
present in all reported cases of primary aldosteron- 
ism, although in patient 3 hypertension was never 
severe. 

In patients 2 and 3 above and in the patient re- 
ported by Chalmers, Fitzgerald, James and Scar- 
borough (11), hypertension did not remit, except 
transiently, after removal of the tumor, although 
it did in Conn’s patient (1). Severe nephrosclero- 
sis has been found in renal biopsy specimens from 
two patients (11, 12). Our patients 2 and 3 
demonstrate functional evidence thereof. This 
nephrosclerosis may have contributed to per- 
sistence or recurrence of hypertension, perhaps 
by a mechanism similar to that of post-DCA hy- 
pertension in rats (13); this mechanism may be 
primarily renal, or may depend also on resetting 
of baroceptors (14). In either case, it must be 
assumed that aldosteronism was a primary cause 
of the hypertensive state and the subsequent 
nephrosclerosis. In patient 1 the long duration 
of the hypertension (26 years) and his positive 
family history might suggest that aldosteronism 
was a complication of essential hypertension. 
Paradoxically, this was the only patient whose 
hypertension was cured by removal of the tumor. 

(b) Renal blood flow and filtration rate. Pre- 
operative data from patients 1 and 2 are con- 
sistent with the presence of nephrosclerosis, lead- 
ing to restriction of renal blood flow; the high 
filtration fraction of patient 2 suggested also defec- 
tive renal extraction of PAH. This has been dem- 
onstrated in potassium-deficient patients (15) ; 
assuming a filtration fraction of 0.3, the true renal 
plasma flow of patient 3 would be about 400 ml. 
per minute and R of the order of 11. This re- 
sistance would be indicative of renal vasocon- 
striction and/or sclerosis. 

Experience in the prolouged treatment of other 
forms of hypertensive disease indicated that renal 
resistance usually decreased with blood pressure 
in such a way that renal plasma flow and filtra- 
tion rate did not change greatly, or that flow might 
even increase (16). Instead, resistance increased 
and filtration rate dropped, although in the 
last observations of patients 1 and 3 these tended 
to return towards normal. Two mechanisms come 
to mind: one is nephrosclerosis, and the other is 
a defect in the normal hemostasis of renal circu- 
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lation which might be imposed by aldosterone de- 
ficiency. That nephrosclerosis was not the cause 
is indicated by the fact that it does not often have 
this effect in nephrosclerotic patients when blood 
pressure is decreased by chronic treatment. 
Hence, speculatively, it may be that aldosterone 
is somehow concerned with the “autonomy of the 
renal circulation” (17) and that operation created 
a more or less persistent state of hypoaldosteron- 
ism. This supposition is supported by the ab- 
normal postoperative electrolyte status, in which 
there is acidosis and a tendency toward hyper- 
kalemia, and by the profound effects of aldosterone 
on renal plasma flow and filtration rate in adrenal- 
ectomized animals (18) as compared with 11- 
desoxycorticosterone. 


2. Water conservation 


Preoperatively, there was defective concentrat- 
ing power during water deprivation, and also ex- 
cretion of nearly isotonic urine during osmotic 
diuresis. These defects may be attributed either 
to structural loss or to the renal effects of potas- 
sium deficiency. Postoperatively, concentrating 
power was almost unchanged—suggesting that this 
defect was in fact partly structural—but water re- 
absorption during osmotic diuresis was restored to 
levels which, in relation to filtration rate, were ap- 
proximately normal. This sequence indicates that 
the preoperative defect in water reabsorption dur- 
ing osmotic diuresis was a reversible defect imposed 
by potassium deficiency. There is an unexplained 
disparity between the pre- and postoperative maxi- 
mum urinary specific gravities during concentra- 
tion tests—these being nearly unchanged—and the 
large changes which took place in water reabsorp- 
tive function (T°q,0) during osmotic diuresis. 

This is another example of the dissociation be- 
tween concentrating power measured after water 
deprivation and the U/P osmolal ratios attain- 
able during osmotic diuresis, such as we (unpub- 
lished observations) and others (19) have ob- 
served in patients with severe renal disease. 
Even normal subjects can be brought to excrete 
hypotonic urine by the sudden imposition of os- 
motic diuresis (20), and these several examples 
suggest to us the possibility that distal tubular fluid 
is hypotonic rather than isotonic, taking the view 
that excretion of hypotonic urine during osmotic 
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diuresis represents the pouring out as urine of a 
substantially unmodified tubular fluid which is 
being swept past the more distal sites of water 
reabsorption in urine concentration. Very re- 
cently we have been informed (Prof. H. Wirz, 
personal communication, 1956) that there is di- 
rect evidence in favor of this concept; fluid ob- 
tained by puncture from distal convoluted tubules 
of anesthetized rats was found to be hypotonic 
to plasma at times when the ureteral urine was 
distinctly hypertonic. 


3. Acidification and aldosteronism 


Preoperatively, our patients excreted neutral or 
somewhat alkaline urine, even during concentra- 
tion tests. The same was true of Conn’s patient 
(1) and of the patient of Chalmers and his as- 
sociates (11). This, like the defect in water re- 
absorption, might represent renal injury with a 
defect of the mechanism of urinary acidification, 
notably the renal carbonic anhydrase system. 
However, both this system and the ammonia 
mechanism, although perhaps defective, are still 
active in aldosteronism since the patient of 
Chalmers and his associates (11) was able to 
excrete ammonia-rich, acid urine when given am- 
monium chloride, and our patient 3 excreted ex- 
cesses of both sodium and potassium when given 
acetazoleamide. 

The problem lies in what mechanism it may be 
that will cause excretion of an alkaline, potassium- 
rich urine in the presence of hypokalemic alkalosis. 
Normally, the kidney excretes an acid urine in po- 
tassium depletion despite an extracellular alkalosis, 
whereas the urine of our alkalotic, hypokalemic pa- 
tients was normally neutral or alkaline. It can be 
assumed that the determinant of urine pH, of ex- 
cretion of sodium and potassium, and of the ratio 
of basic to hydrogen ion in urine is the intracel- 
lular ionic concentration of potassium, or, as a 
functional reciprocal thereof, CO, tension (21, 
22). Aldosteronism would seem to violate this 
assumption, since the urine is alkaline while the 
cell is potassium deficient and the CO, tension 
presumably increased. This paradox can be re- 
solved if it is further assumed that intracellular 
potassium occurs in both bound (K) and ionized 
(K*) forms (23) and that the primary mechanism 
of the action of aldosterone is to shift the equi- 
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Schematic renal tubular cell indicating the relationship 
of hydrogen (H*) and potassium (K*) ions and the 
possibility that aldosterone may act by displacing the 
equilibrium between ionic (K*) and bound (K in circle) 
potassium in the direction of increased ionization and 
excretion. C. A. denotes carbonic anhydrase. 


librium K = K* in the direction of increased ioni- 
zation. Such increased ionization of potassium 
would account for the concurrence of cellular po- 
tassium depletion with formation of potassium-rich 
alkaline urine (Figure 1). That the phenomenon 
is an expression of hormonal action and not of 
nonspecific renal damage is indicated by the 
prompt recovery of this function after operative 
removal of the tumors. 

While aldosterone causes sodium retention as 
wel! as potassium excretion, our patients showed 
large losses of both sodium and potassium during 
osmotic diuresis. Postoperatively, the excess po- 
tassium excretion (ratio Cx/Cy) promptly di- 
minished. In contrast, the preoperative relative 
sodium reabsorptions of these patients were not 
excessive, but, in our experience, low, and the 
postoperative changes were irregular. We have 
no explanation for this finding, except as we have 
observed similar large defects in sodium reabsorp- 
tion during osmotic diuresis in patients with severe 
structural renal damage due to hypertensive dis- 
ease. Conceivably, the sodium-retaining action 
of aldosterone might be observed even during os- 
motic diuresis in patients whose aldosteronism had 
not progressed, as in our cases, into a state of 
advanced potassium depletion and consequent re- 
nal tubular insufficiency, complicated also by 
nephrosclerosis. That the latter type of damage 
was present preoperatively and only slowly re- 


mitted postoperatively is indicated by the func- 
tional data (Tables II, III) and by the sediment 
counts (Table IV). 


SUMMARY AND CONCLUSIONS 


Preoperatively, 3 patients with primary aldos- 
teronism showed decreased rates of renal plasma 
flow, but normal rates of glomerular filtration with 
increased renal vascular resistance in the second 
patient, and probably also in the third patient. 
Maxima! nonprotein urinary specific gravity was 
disproportionately low in relation to other excre- 
tory renal functions, and, during mannitol osmotic 
diuresis, the osmolal U/P ratios approximated 
unity with small net free water clearance in 2 
patients. Serum potassium was low and CO, 
combining power increased, but the urinary pH 
was consistently 7 or more. During osmotic diu- 
resis, the patients excreted large amounts of so- 
dium, and also showed high rates of relative po- 
tassium clearance. One patient responded to in- 
travenous acetazoleamide by further decreasing 
sodium reabsorption and increasing potassium 
excretion. The urine contained excess protein and 
white cells. 

Postoperatively, the renal plasma flow and fil- 
tration rate decreased in 2 of the 3 patients and 
only slowly recovered. Maximal specific gravity 
remained low, with some tendency to recover, 
but the capacity to reabsorb water during osmotic 
diuresis was promptly restored. The patients de- 
veloped acidosis and normal or somewhat in- 
creased serum potassium concentrations and the 
urine became acid. The defect in sodium reab- 
sorption persisted, but the rates of potassium clear- 
ance were greatly decreased. Proteinuria and 
pyuria subsided completely in 2 of the 3 patients. 

The excess urinary excretion of potassium 
seems attributable to the direct action of aldos- 
terone on renal tubular cells and may reflect the 
basic mechanism of this hormone’s action. The 
polyuria and excretion of dilute urine are attrib- 
utable to tubular potassium depletion and are only 
indirect effects of the hormone’s actions. The ob- 
servations during osmotic diuresis suggest that the 
fluid delivered from some more proximal site 
(distal convoluted tubules?) to a more distal re- 
gion (collecting tubules?) for concentration by 
water reabsorption is hypotonic rather than iso- 
tonic. 
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RENAL FUNCTION 


The postoperative course of renal function in as- 
sociation with low CO, combining power and a 
tendency to hyperkalemia suggests that aldosterone 
may have a function in the maintenance of renal 
blood flow and glomerular filtration rate. 
Clinically, aldosteronism should be considered 
a probable diagnosis in patients with hypertension 
of unknown origin who, in the presence of ade- 
quate excretory renal function, excrete urine which 
is persistently alkaline and who show also dispro- 
portionate loss of urinary concentrating power. 
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STUDIES ON THE FUNCTIONAL CAPACITY OF A DENERVATED 


HOMOTRANSPLANTED KIDNEY IN AN IDENTICAL TWIN 


WITH PARALLEL OBSERVATIONS IN THE DONOR? 


By NEAL S. BRICKER,? WARREN R. GUILD,2 JOHN B. REARDAN,‘ anp 
JOHN P. MERRILL 5 


(From the Department of Medicine, Peter Bent Brigham Hospital, Harvard Medical School, 


The successful transplantation of a human kid- 
ney between 24-year-old male identical twins has 
made possible the study of the function of a homo- 
transplanted kidney. The purposes of the study 
were twofold: 1) to evaluate the functional ca- 
pacity of the transplanted kidney ; 2) more specifi- 
cally, to investigate the capacity of a transplanted, 
and therefore totally denervated, kidney to regu- 
late renal hemodynamics and electrolyte and water 
excretion. 

Studies were performed on both the recipient 
(R) and the donor (D). All but one of the ex- 
periments on R were performed after his own 
two kidneys had been surgically removed; thus, 
the majority of the data obtained specifically de- 
scribes the function of the transplanted organ. 
Certain parallel studies were performed on D, who 
after transplantation possessed as his only source 
of renal function the mate of the transplanted 
kidney. 


METHODS 


Case material 


The subjects were 24-year-old white male monozygous 
twins. The donor was clinically well and possessed 
normal renal function. The recipient was a victim of far 
advanced, inexorably progressive chronic glomerulo- 
nephritis of at least 16 months’ duration and prior to 
transplantation presented the classic manifestations of 
uremia and malignant hypertension. After a period of 
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preliminary study, during which time the twins were 
shown to be identical, D’s left kidney was transplanted 
retroperitoneally into the right iliac fossa of R. End 
to end anastomoses were effected between the renal 
artery of the transplanted organ and the recipient’s right 
hypogastric artery and between the renal vein and the 
right common iliac vein. The ureter was implanted di- 
rectly into the urinary bladder. 

Clinical improvement began in the immediate post- 
operative period and continued until all the apparent 
stigmata of both uremia and hypertension regressed. 
Bilateral nephrectomy was performed in a two-stage 
procedure at three and at five and one-half months fol- 
lowing transplantation, leaving R with only the trans- 
planted organ. To date he has enjoyed over a year of 
total well being on an unrestricted regimen. Detailed 
accounts of the clinical course and operative procedure 
have been previously described (1). 


Procedure 


Twenty-three clearance studies and several miscellane- 
ous experiments were performed over an eighteen-month 
period. Control studies were obtained on D prior to 
transplantation. The majority of observations on R was 
made during a four-month interval beginning six .nonths 
after transplantation. 

Except where indicated, all studies were performed 
in the morning with the subjects postprandial and re- 
cumbent. In ten studies (six on R and four on D) glo- 
meruiar filtration rate (GFR) was measured by the 
clearance of inulin (Cia) using standard renal clearance 
techniques as previously described (2). In nine of these 
ten studies, effective renal plasma flow (ERPF) was 
measured by the clearance of p-aminohippurate (Cran). 
In six of the studies in which Cin was measured, urine 
was collected through an inlying soft rubber multiholed 
catheter, and urine collection periods (15 to 20 minutes 
in duration) were concluded with two washouts of 
distilled water and two or more injections of air. In 
the control and early postoperative studies on D and the 
postoperative (left nephrectomy) and osmotic diuresis 
studies on R, bladder catheterization was not performed. 

In an additional ten studies (six on R and four on D) 
endogenous creatinine clearance (Cor) was employed to 
estimate trends in GFR. These studies were carried out 
using voided specimens. In the majority of individual 
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TABLE I * 
Serial measurements of Cin, Cop and Cpan in recipient and donor 


Time, 
mos. after 


Cran 


Cia Cer 
transplant, mli./min, ml./min. ml. /min, 


Donor 
Two-kidney control 
Recipient 


Before right nephrectomy 
After bilateral nephrectomy 


COO 


Donor 
After removal of left kidney 


1 
7 
7 
7 
8 
8 
8 


147 


67 
65 
71 
59 
61 


65 


92 
77 


76 
93 


* Cin = inulin clearance; Co, = endogenous creatinine clearance; Cpan = p-aminohippurate clearance; F.F. = 


filtration fraction. 


clearance periods, urine flows exceeded five ml. per 
minute, and the collection periods were generally greater 
than 20 minutes in duration. Finally, in three studies (on 
the recipient) GFR was estimated by means of 24-hour 
Cor. The experiments which did not include estimation 
of GFR will be considered in the text. 

Because of the diversified nature of the experiments 
performed, additional comments on individual experi- 
mental protocols will be included in the discussion of 
results. 

Inulin was .determined according to the method 
of Roe, Epstein, and Goldstein (3); PAH according to 
the method of Smith, Finkelstein, Aliminosa, Crawford, 
and Graber (4); chloride according to the method of 
Van Slyke and Hiller (5); and creatinine according to 
the method of Bonsnes and ‘Taussky (6). Sodium and 
potassium were analyzed on an internally compensated 
Barclay flame photometer; urine and plasma osmolalities 
were determined on a Fiske Osmometer; pH was deter- 
mined on a Beckman pH meter; and CO, was determined 
manometrically (7). 

Clearance values have not been corrected to standard 
body surface area. For purposes of such correction, the 
body surface area of the recipient was 1.71 sq.m., and of 
the donor 1.80 sq.m. 


RESULTS 


I. Serial Measurements of GFR and ERPF; 
Concentration and Dilution; Acidification and 
Alkalinization 


A. Serial measurements of Ci, and Cpay (Table 1) 


Each datum is the mean of three clearance pe- 
riods. The pretransplantation two-kidney control 
values in D were Cj, = 147 and Cpayq = 477 mi. 
per minute. 

Recipient: Cin after left nephrectomy but prior 
to right nephrectomy was 67 ml. per minute. 
Serial values for Cj, following bilateral nephrec- 
tomy failed to reveal a consistent trend, and the 
average value for the five studies was 64 ml. per 
minute. Cpan ranged from 369 to 460 ml. per 
minute, but again no trend was apparent. Filtra- 
tion fractions varied in an irregular manner from 
14.2 to 18 per cent. 

Co, ranged from 73 to 96 ml. per minute with 
a mean of 85. The Cor/Cjn ratio (using composite 
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TABLE II 
Solute and water excretion during mannitol and Pitressin® infusion in the recipient * 


Ti Cun UnsV UciV UxV Os Tm*x,0/C 
0 —154to 0 0.27 2.8 


Prime: Inulin 2.8 gm. ; Pitressin® 100 mu at —47 min. ; Sustain: Inulin 22 mg./min.; 
Pitressin® 1 mv/min. in 0.9% saline at 8.8 ml./min. from —41 to 8 min.; Inulin 22 mg./min.; 
Pitressin® 1 mu/min.; Mannitol 1.1 gm./min. in 0.9% saline at 8.8 ml./min. from 8 to 147 min. 


1 Oto 41 74 1.3 102 0.99 
2 41to 74 63 4.0 232 2.7 
3 74to 97 58 5.7 305 4.0 
4 97 to 118 57 7.3 430 5.8 
5 118 to 137 52 7.5 450 6.7 
6 137 to 147 59 9.4 526 6.9 


103 21 2.3 2.9 1.6 2.2 
253 41 1.7 6.6 2.6 4.1 
340 56 1.5 8.6 3.0 5.1 
458 65 1.5 10.6 3.3 5.8 
487 74 1.4 10.5 3.0 5.8 
582 90 1.4 12.8 3.4 5.8 


*V = urine flow; UV = minute rate of excretion; Fl = filtered load (uncorrected for Donnan equilibrium); 
Osm U/P = osmotic urine/plasma ratio; Comm = osmolar clearance; Tm*g,0 = maximum rate of solute free water 


removal. See preceding table for additional definitions. 


mean values) was 1.33. Cor/Ci, when both clear- 
ances were measured concurrently was 1.44. 
Values for 24-hour Co, during the administration 
of a 200 mg. sodium diet were 65, 68 and 67 ml. 
per minute, respectively. 

Donor: Cy increased from 68 ml. per minute 
one week after transplantation to 84 ml. per minute 
eight months later. Cpan increased from 389 to 
420 over the same period. Co, varied in an in- 
consistent manner between 76 and 93 ml. per 
minute. Co,/Cj (using composite mean values 
for the same period of time) was 1.07. 


B. Concentration and dilution (Table II) 


Concentrating ability in R was assessed both by 
the maximal osmotic U/P ratio and by the maxi- 
mal rate of solute-free water removal.* Following 
withdrawal of water for 14 hours, R achieved a 
maximal osmotic U/P ratio of 2.78. During os- 
motic diuresis induced by mannitol infusion and 
under the influence of Pitressin® antidiuresis (100 
mU administered intravenously as a single priming 
dose, and 1 mU per minute by constant infusion) 
the maximal value for solute-free water extraction 
(Tm‘g,0) was 3.4 ml. per minute. The ratio 


6 The concentration process in the normal subject is 
characterized by two limiting values. At low rates of 
urine flow, solute-free water may be reabsorbed to a maxi- 
mal osmotic U/P ratio of approximately four. At high 
rates of urine flow, such as are obtained during osmotic 
diuresis, the removal of solute-free water under maximal 
ADH stimulation is governed by an upper limit (Tm‘n.o). 
The normal value for Tm‘no is 5.1+1.5 per cent Cin 
(8). The osmotic U/P ratio in the normal subject dur- 
ing water diuresis does not typically decrease below 0.2. 


Tm‘y,0/Cy remained constant at 5.8 per cent 
during the final three clearance periods. 

The diluting capacity of R was judged by means 
of his ability to elaborate a hypotonic urine fol- 
lowing water loading. The minimal osmotic U/P 
ratio observed was 0.36. 

The concentrating and diluting abilities of D 
were tested under conditions of water deprivation 
and water loading, respectively. The osmotic 
U/P ratios were of the same order of magnitude 
as those of the recipient. 


C. Acidification and alkalinization (Table III) 


The recipient was given 4.0 gm. of non-enteric 
coated ammonium chloride in divided doses over 
the course of one day. On the following morn- 
ing, voided urine samples were collected under 
oil at approximately 30-minute intervals. After 
a control period, 0.25 gm. of Diamox® (acetazole- 
amide) was administered by mouth and five fol- 
low-up periods were obtained. 

Following Diamox® administration, urinary pH 
rose from a control value of 5.33 to 7.63. Titrata- 
ble acid disappeared within 30 minutes and bicarbo- 
nate and potassium excretion rates increased ap- 
preciably. Excretion rates of Na and Cl will be 
discussed below. 


II. Experimental Alteration of Renal Hemody- 
namics 
A. Intravenous Aminophylline 


The influence of a single intravenous injection 
of 0.5 gm. of Aminophylline was examined in R 
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EFFECTS OF AMINOPHYLLINE 


AMINOPHYLLINE 0.5 Gm. 


90 Cin 
CC/min 
60r | 
550 
Cran ' 
| 
CC /min 
350} | 
16 | 
FF 
| 
14} 
8 | 
CC /min 2 
8 
6 
4 
2 
25 
% 2 + 


PERIOD 


Fic. 1. THe INFLUENCE OF A SINGLE INTRAVENOUS INJECTION OF 
AMINOPHYLLINE ON RENAL HEMODYNAMICS, WATER AND ELECTROLYTE 
EXCRETION IN THE RECIPIENT 

Aminophylline was injected over five minutes, and an additional five 
minutes was allowed before beginning the fourth period. 


only (Figure 1). Subsequent to the administra- Urine flow and electrolyte excretion values will be 


tion of Aminophylline, C;, increased from a mean 
control value of 65 ml. per minute to a maximum 
of 82, whereas Cpan showed a slight downward 
trend. Filtration fractions rose progressively 
from a mean control value of 14.2 to 18.4 per cent. 


considered below. 
B. L-norepinephrine infusion 


The response of both R and D to the infusion of 
l-norepinephrine at two dosage levels was ob- 
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RESPONSE TO {-NOR EPINEPHRINE 


ANOR EPINEPH 
2 +/min 


‘ 
v | ‘ 
280 
| 
== 
| 
' 2 3 4 5 6 7 6 J 
PERIOD 


Fic. 2. THe INFLUENCE oF Continuous INFUSION oF J-NOREPINEPHRINE ON RENAL 
HEMODYNAMICS AND ELECTROLYTE EXCRETION 


Solid line = recipient ; dashed line = donor. 


served (Figure 2). After three control periods 
in each subject, /-norepinephrine was infused con- 
tinuously at the rate of 2 ug. per minute. Approxi- 
mately 15 minutes was allowed for equilibration, 
and three clearance periods were then obtained. 
Thereafter, /-norepinephrine was administered 
at 10 wg. per minute, and following stabilization of 
blood pressures (approximately 25 minutes) 
three final periods were obtained. 

Blood pressure did not increase appreciably in 
either subject during the 2 wg. dose, whereas rises 
of 30 to 40 mm. systolic and 20 to 25 mm. diastolic 
were produced by the larger dose. Cy, remained 
constant throughout in both subjects. Cpan, 
however, decreased strikingly during the infusion 
of the low dose, and following the increment in 
dosage a further decrease was demonstrable. Fil- 
tration fractions rose from a control value of 15 
to 30 per cent in R and from 20 to 30 per cent in 


D. Data on solute and water excretion will be 
discussed below. 


C. Orthostatic hypotension 


The results of this study in R are shown in 
Figure 3. The experiment was intended to as- 
sess the response to quiet standing; however, 
changing from the recumbent to the erect position 
on each of two occasions was attended by symp- 
toms and signs of peripheral vascular collapse. 
In both instances return to the supine position was 
followed by prompt improvement. It was not pos- 
sible to obtain measurements of blood pressure 
during the periods of maximal distress, but it is 
probable that the actual fall exceeded that re- 
corded in Figure 3. 

During the first clearance period following hy- 
potension, C;, fell from the mean control value of 
61 ml. per minute to 29, and thereafter increased 
slowly, ultimately exceeding the control level. 
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KIDNEY 


EFFECTS OF ORTHOSTATIC HYPOTENSION 


QUIET STANDING 


—\\- — + 


= 


4 


5 6 7 
PERIOD 


1c. 3. Tue INFLUENCE oF OrtTHOSTATIC HYPOTENSION ON Cin, WATER AND ELECTROLYTE EXCRETION 
IN THE RECIPIENT 


Cran decreased from 362 ml. per minute to 162 
and then rose to 437 during the fifth follow-up 
period. The electrolyte and water excretion rates 
will be referred to below. 


III, Experimental Alteration of Salt and Water 
Excretion 


A. Influence of drugs presumably having an intra- 
renal site of action 


1. Hydrocortisone: Studies were performed on 
R only (Table IV). He was studied in the re- 
cumbent position * and because of the long dura- 
tion of the experiment was allowed light meals. 
Water diuresis was initiated by the preliminary 
ingestion of 750 ml. of water and maintained by 


7 Subjects were allowed to stand during the brief in- 
tervals of voiding to facilitate bladder emptying in this 
and following experiments in which catheterization was 
not employed. 


the administration of supplementary oral water 
and intravenous 5 per cent dextrose in water. 

After three control periods, 134 mg. of hydro- 
cortisone hemisuccinate (equivalent to 100 mg. of 
hydrocortisone) was administered by single intra- 
venous injection, and 134 mg. was administered 
by constant infusion in 500 ml. of 0.9 per cent sa- 
line over a two-hour period. Observations were 
continued for 11 hours after completion of the in- 
fusion. 

Cor decreased moderately during the period of 
drug administration, but thereafter returned to 
the control level. Urine flow, sodium excretion 
rate (UnaV), and chloride excretion rate (UmV) 
all increased initially ; however, by the ninth clear- 
ance period, a decrease in each of these values was 
noted. During the tenth clearance period (340 
minutes after the start of the infusion) Uy,V had 
decreased to a minimum value of 27.5 »Eq. per 
minute (control 83 to 115) and urinary sodium 
concentration was 5.5 mEq. per L. Potassium 
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TABLE III 
The effects of Diamox® on urinary pH, titratable acidity and electrolyte excretion in the recipient * 


Time TA UnaV Unco,V 
4.0 gm. NH,Cl day preceding study 
—30to 0 1.7 5.33 18.7 99 125 40 2 
0.25 gm. Diamox® orally 

Oto 30 3.3 5.83 10.5 107 132 48 4 
36 to 60 4.0 7.25 284 239 114 34 
60 to 90 4.4 7.35 326 251 172 185 
90 to 120 2.4 7.63 224 138 126 159 
120 to 168 3.2 7.53 252 169 125 164 


excretion rate (UxV) increased markedly initially 
and ultimately levelled off at greater than twice 
the control value. Plasma electrolyte values re- 
mained constant. 

2. L-norepinephrine infusion: The influence of 
l-norepinephrine on renal hemodynamics in both 
D and R has been discussed above. The effects on 
electrolyte and water excretion in R (Figure 2) 
were as follows: UygV and UgV remained es- 
sentially unchanged throughout, and UxV de- 
creased modestly during the infusion of 10 yg. 
per minute. Urine flow increased during the low 
dose, but returned toward control levels during 
the high dose. 

3. Intravenous Aminophylline: The influence 
of 0.5 gm. of Aminophylline on renal hemody- 
namics in R has been discussed above. As shown 
in Figure 1, urine flow increased markedly, as 


*TA = titratable acidity. See preceding tables for additional definitions. 


chloride/inulin and sodium/inulin clearance ra- 
tios remained appreciably above control levels 
throughout the duration of observations. 

4. Diamox® administration (Table IIT); Within 
90 minutes after the oral administration of 0.25 
gm. of Diamox® in R, urine flow increased 
from 1.7 to 4.4 ml. per minute, UyaV from 99 to 
326 pEq. per minute, and UgV from 125 to 251 
pEq. per minute. Additional effects of Diamox® 
have been discussed above. 

5. Osmotic diuresis: The effects of the infu- 
sion of 12.5 per cent mannitol at 8.8 ml. per minute 
in R are shown in Table II. Urine flow increased 
from 0.3 to 9.4 ml. per minute, and osmolar clear- 
ance (Cosm) from 2.9 to 12.8 ml. per minute. 
UnaV rose from 102 to 526 wEq. per minute and 
Cya/Cin increased progressively from 0.99 to 6.9 


did sodium and chloride excretion rates. The per cent. 
TABLE IV 
The effects of intravenous hydrocortisone on Ccr, solute and water excretion in the recipient * 
UciV Pra P 
Per. mi. pile Jasin. min. mEq/L. YE. mEq/L. 
1 Oto 51 5.1 95 115 138 31 139 4.3 
2 Sito 79 6.2 97 92 94 26 
3 79 to 112 6.5 98 83 83 25 139 108 4.3 
Hydrocortisone hemisuccinate: 134 mg. i.v. 127-139 min. 
and 134 mg. i.v. in 500 ml. 0.9% NaCl 139-250 min. 
4 112 to 140 6.1 85 70 61 32 
5 140 to 171 6.0 75 76 90 39 
6 171 to 230 6.8 83 107 147 70 140 108 4.3 
7 230 to 290 7.6 95 105 180 114 140 108 4.4 
8 290 to 350 7.5 91 74 155 115 139 108 44 
9 350 to 410 bw 64 33 80 65 
10 410 to 470 5.0 100 28 83 83 
11 470 to 560 4.4 99 37 88 92 
12 560 to 920 1.7 93 51 64 69 


*P = plasma. See preceding tables for additional definitions. 
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VENOUS CONGESTION OF LOWER EXTREMITIES 
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Fic. 4. Tue INFLUENCE oF VENOUS CONGESTION OF LowER EXTREMITIES ON RENAL HEMODYNAMICS AND 
: ELECTROLYTE EXCRETION 


Solid line = recipient ; dashed line = donor. 


B. Influence of alterations of extracellular fluid 
(ECF) volume and composition 


1. Venous congestion of the lower extremities: 
The norma! supine human subject responds to 
the inflation of blood pressure cuffs around the 
thighs at subdiastolic pressures by decreasing the 
excretion rates of sodium and water and usu- 
ally decreasing glomerular filtration rate (9, 10). 
However, UyaV and UmV usually do not decrease 
(and often increase) during the first clearance 
period of cuffing (9, 10). 

Experiments were performed on both R and D 
(Figure 4). The subjects were water loaded and 
maintained in positive water balance throughout. 
After three control clearance periods, blood pres- 
sure cuffs were inflated to just below diastolic 
pressures and were so maintained for approxi- 
mately an hour. 

Inflation of the blood pressure cuffs in R was 
attended by a fall in blood pressure and a con- 


comitant decrease in C;,. By the third period of 
cuffing, blood pressure and filtration rate returned 
to control levels. An appreciable decrease in 
UyaV occurred only during the first period of 
cuffing, and the mean value for the three periods 
of cuffing was only 11 per cent below the mean 
control value. During the follow-up periods 
UyaV approximated control values. Chloride 
excretion rates paralleled those of sodium. A de- 
crease in urine flow occurred, which was out of 
proportion to that of UyaV both in magnitude and 
duration. Values rose slightly after the cuffs were 
released. The urine flow response resembled that 
observed in the normal subject. 

In D, Cin remained constant throughout. UyaV 
increased from the mean control value during the 
first period of cuffing, but fell during the succeed- 
ing two periods. During the follow-up periods, 
UnaV rose, eventually exceeding the control value. 
The decrease in UciV was greater in magnitude 
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TABLE v * 
The effects of hypotonic saline infusion on Cor, solute and water excretion 


Cor Vv UosmV UnaV UciV UKV 
Time ml./ ml./ wosm./ pEg./ pEq./ pEq./ Het T.P. Pya Po Px Wt. 
Per min. min. min. min. min. min. min. % em. mEgq./L. mEq./L. mEq./L. Keg. 
A. Recipient 
1 —95 to —65 83 6.7 720 94 147 48 39.5 6.5 144 110 4.2 59.6 
2 —65 to —35 81 6.8 738 92 143 42 
3 —35to— § 82 7.1 717 99 142 41 
Two liters of et saline (Na 112 mEq./L.; Cl 90 mEq./L.; and 
HCO; 22 mEq./L.) infused from 0 to 84 min. 
4 —5to 25 81 6.7 737 90 115 32 36 5.8 131 104 4.2 
5 25to 55 78 6.9 589 81 113 34 
6 55to 85 75 7.3 632 80 113 39 
7 85 to 115 83 6.8 595 64 99 37 34.5 4.9 133 105 3.7 62.5 
8 115 to 146 74 6.4 498 $2 75 29 
9 146 to 175 71 6.2 424 50 67 28 
10 175 to 205 79 6.2 473 43 68 26 34 4.8 132 105 3.4 
11 205 to 235 75 6.2 47° 43 67 26 
12 235 to 268 78 6.4 392 45 64 27 35 5.4 136 109 3.3 62.3 
B. Recipient 
1 -105to-75 90 10.0 310 300 44 140 108 
2 — 75 to —45 84 9.8 255 259 88 
—45to-15 79 9.0 212 
Two liters of less hypotonic saline (Na 126 mEq./L.; Cl 102 mEq./L.; and 
HCO, 24 mEq./L.) infused from 0 to 73 min. 
4 —15to 15 81 9.0 191 188 79 43 139 102 
5 15to 45 75 8.7 184 182 73 
6 45to 75 95 11.7 260 245 87 
7 75 to 105 75 9.3 197 178 61 39 139 105 
8 105 to 135 77 9.3 172 167 52 
9 135 to 165 76 8.3 141 129 43 
10 165 to 195 99 11.7 193 160 61 40 138 107 
11 195 to 225 77 8.7 139 135 43 
12 225 to 255 57 9.3 173 145 40 40 136 107 
C. Donor 
1 -92 to —63 79 6.6 831 164 194 76 47 139 100 4.1 66.7 
2 -63 to—33 76 8.2 780 156 172 79 
3 -—33 to— 3 72 8.6 774 162 162 75 
Two liters of hypotonic saline (Na 112 mEq./L.; Cl 90 mEq./L.; and 
HCO; 22 mEq./L.) infused from 0 to 94.5 min. 
4 -3 to 27.5 64 9.8 833 196 179 88 46 6.7 136 100 4.0 
5 27.5to 57.5 76 10.9 970 240 222 104 
6 57.5to 87 75 11.6 1,032 282 249 99 
7 87 to 117 12.6 44 5.8 135 101 3.6 70 
8 117 to 147 75 11.6 1,009 313 268 80 
9 147 to 178 89 12.0 996 298 247 67 
10 178 to 208 85 11.6 974 319 240 57 42 5.8 132 98 3.8 
11 208 to 237 92 12.1 1,040 336 272 58 
12. 237 to 277 100 10.7 877 294 230 39 41 5.3 131 100 3.8 69.6 


* Hct = hematocrit; T.P. = total protein. 


and more sustained than that in Uy,V. Urine 
flow decreased markedly during the third period 
of cuffing, and increased slightly after the first 
recovery period. 

2. Systemic hypotension: The effects of ortho- 
static hypotension on renal hemodynamics in R 
have been discussed above (Figure 3). Presum- 
ably, the fall in blood pressure was associated with 


See preceding tables for additional definitions. 


a transient decrease in effective circulating blood 
volume. Sodium and chloride excretion rates de- 
creased following the onset of hypotension. How- 
ever, rather than remaining depressed (as occurs 
in the normal subject), they increased with Cin, 
such that the sodium/inulin and chloride/inulin 
clearance ratios remained essentially constant 
throughout. Urine flow, on the other hand, de- 
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creased and remained depressed throughout the 
duration of the study. 

3. Hypotonic expansion of ECF: The rapid 
infusion of two liters of hypotonic sodium chloride 
into a hydrated human subject in the supine posi- 
tion evokes an increase in UyaV despite a de- 
crease in plasma sodium concentration (11). 

The influence of hypotonic expansion of ECF 
was studied twice in R and once in D (Table V, 
A-C). The subjects were hydrated initially (500 
ml. of water over a 30 to 60-minute period) and 
maintained in positive water balance thereafter. 
The control periods were begun after brisk water 
diuresis was in force. 

In R (Table V-A) hypotonic expansion was 
associated with a progressive decrease in total sol- 
ute, sodium and chloride excretion rates. Urine 
flow showed only minor changes and Co, decreased 
moderately. Plasma sodium concentration (Pya) 
fell strikingly following hydration and increased 
modestly after completion of the infusion. 

In a separate study (Table V-B), R’s response 
to a less hypotonic solution was observed. The 
results were similar to those noted in the preceding 
experiment, despite the fact that the decrease in 
Py, was of small magnitude. 
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TABLE VI * 
The effects of isotonic saline infusion on Ccr, solute and water excretion in the recipient 
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The donor responded to hypotonic expansion in 
a manner characteristic of the normal subject 
(Table V-C). Thus, urine flow, total solute ex- 
cretion, Uy,V, and UV all increased appreciably 
subsequent to initiation of the infusion. Co, ap- 
proximated control levels during expansion but 
rose during the follow-up periods. 

4. Isotonic expansion of ECF: The normal hu- 
man responds to the intravenous administration of 
isotonic saline by a moderate increase in the excre- 
tion rates of sodium and water and by the elabora- 
tion of an isotonic or hypertonic urine. When a 
single dose of two liters of water is administered 
8 to 12 hours in advance of the saline infusion, the 
latter produces a copious excretion both of sodium 
and of water and the urine becomes hypotonic 
(12, 13). 

The response of both R and D to the infusion 
of 3,000 ml. of isotonic saline at 42 to 54 ml. per 
minute was observed. Each subject was studied 
twice, once in the hydropenic state (no water for 
14 hours preceding the infusion), and again in 
the prehydrated state having ingested two liters 
of tap water ten hours before the infusion. 

Recipient, hydropenic state: The results of this 
and the prehydration study on R are shown in 


Osm 
Per. Time Cer Vv U/P 


Cosm 


Hydropenic State 


Three liters of isotonic NaCl (Na = 144 mEq./L.) 
infused from 0 to 70 min. 


1 —Sto 2! 67 0.9 

2 21 to 36 77 1.8 1.5 

3 36 to 51 76 3.0 0.84 
4 51 to 70 63 3.4 0.59 
5 70 to 82 88 5.9 0.47 
6 82 to 99 67 5.8 0.38 
7 99 to 117 67 6.3 0.36 
8 117 to 137 59 5.4 0.37 


Prehydrated State 


—1.0 522 97 118 32 
2.6 —0.8 729 135 173 52 
2.5 0.5 699 135 203 59 
2.0 1.8 571 89 226 63 
2.8 3.1 781 113 187 86 
2.2 3.5 628 92 147 73 
2.3 4.1 646 89 152 74 
2.0 3.4 578 108 151 63 


Three liters of isotonic NaCl (Na = 143 mEq./L.) 
infused from 0 to 56 min. 


1 —97 to —7 92 1.2 1D 

2 — 7to 20 84 2.9 0.82 
3 20 to 39 90 4.6 0.64 
4 39 to 57 83 6.2 0.49 
5 57 to 73 85 7.3 0.43 
6 73 to 89 81 8.6 0.37 
7 89 to 104 90 8.8 0.48 
8 104 to 118 87 7.5 0.54 


2.3 —1.1 O44 172 168 23 
2.4 0.5 671 185 206 40 
2.9 7 820 236 270 55 
3.1 3.2 852 218 269 67 
3.1 4,2 863 236 283 71 
3.2 5.1 888 241 299 79 
3.4 4.7 950 268 324 83 
4.1 3.4 1,155 356 412 71 


*Cu,o = free water clearance. See preceding tables for additional definitions. 
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TABLE VII * 
The effects of isotonic saline infusion on Cer, solute and water excretion in the donor 
Osm 
Per. Time Cor Vv U/P Cosm UosmV UnaV UaV UkV 
Hydropenic State 
Three liters of isotonic NaCl (Na = 144 mEq./L.) 
infused from 0 to 61 min. 

—101 to —7 64 0.7 2.6 1.9 —1.2 548 118 132 23 
—7to 24 85 0.9 2.6 2.4 —1.5 683 150 172 30 
24to 41 83 1.5 2. 3.0 —1.5 859 227 249 26 
4ito 76 88 5.4 0.92 4.8 0.5 1,346 436 475 47 

76 to 93 90 6.4 0.76 4.9 1.5 1,370 378 438 65 

93 to 110 84 5.8 0.80 4.7 12 1,321 428 486 73 

110 to 127 43 3.8 0.85 3.2 0.5 917 298 332 50 

Prehydrated State 
Three liters of isotonic NaCl (Na = 138 mEq./L.) 
infused from 0 to 57 min. 

—45 to —8 90 2.1 1.0 2.2 —0.1 593 92 193 39 

— 8to 19 94 4.1 0.61 2.5 1.6 701 131 166 47 
19 to 41 91 6.1 0.46 2.8 3.3 797 162 197 52 

41 to 58 91 8.4 0.40 3.4 4.9 977 263 300 54 

58 to 73 86 7.8 0.43 3.4 4.5 952 273 318 61 

73 to 103 98 9.2 0.44 4.1 Le 4 1,136 280 380 94 

103 to 118 94 5.0 0.49 4.3 0.7 1,205 338 409 109 


* See preceding tables for definitions. 


Table VI. Co, showed a slight initial increase fol- 
lowed by a delayed fall. Urine flow increased 
progressively, but this was due largely to an in- 
crease in free water clearance (Cy,0). As a con- 
sequence, the urine became markedly hypotonic 
(osmotic U/P ratio = 0.36). Osmolar clearance 
(Cosm) and sodium excretion rates exhibited only 
minimal and unsustained increases. 

Recipient, prehydrated state: The initial values 
for Co,, urine flow, and electrolyte excretion rates 
were all higher than those noted in the hydropenic 
study. Co, remained constant throughout. Urine 
flow exhibited a progressive increase, and in this 
experiment, Cosm contributed appreciably to this. 
Cu.o also increased and osmotic U/P ratios 
reached a minimum value of 0.37. Uy,aV in- 
creased gradually but progressively throughout, 
reaching a peak value of 356 »Eq. per minute as 
Bal compared to the maximal value of 135 »Eq. per 
oo minute noted during the hydropenic study. 
Donor, hydropenic state: The results of this 
and the succeeding study on D are shown in 
Table VII. Co,, urine flow, Cogm, and Cyyo all 
increased during the first five periods. Osmotic 
U/P ratios decreased to a minimum of 0.76. 
UnaV rose from 118 »Eq. per minute to a maximal 
value of 436 during the third clearance period, and 
thereafter decreased. 


Donor, prehydrated state: Prehydration did not 
appear to enhance electrolyte excretion. Thus, the 
increases in Cogm and UyaV were smaller than 
those noted in the hydropenic study. The increase 
in Cy,o was of greater magnitude, however, and 
osmotic U/P ratios decreased to 0.43. 

5. Infusion of hyperoncotic salt poor albumin: 
The intravenous administration of 25 per cent 
salt poor human albumin into normal supine sub- 
jects has been shown to evoke a decrease in the 
rates of solute and water excretion (14). When 
the albumin is infused rapidly (e.g., 100 ml. in 
15 to 20 minutes) the antidiuresis is more marked 
(15). 

The responses of both R and D to the rapid in- 
fusion of 300 ml. of salt poor human albumin are 
shown in Tables VIII and IX. Water diuresis 
was induced by the preliminary ingestion of 1,500 
ml. of water and maintained by the ingestion of 
water in quantities slightly exceeding the urinary 
volumes. 

In R, no trend in Cor was apparent subsequent 
to the initiation of the infusion. During the infu- 
sion, urine flow and Cy, decreased slightly; 
however, osmotic U/P ratios showed no consistent 
increase. Cogm remained constant during and fol- 
lowing the albumin infusion, and although Uy,aV 
decreased progressively during the control periods, 
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TABLE VIII * 
The effects of rapid infusion of 25% salt poor human albumin on Ccr, solute and water excretion in the recipient 
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Time 


Cor Vv Com 
Per. min. ml./min, ml./min. ml./min. ml./min. 


Osm UnaV UciV Pya Poi Pr 
U/P pEq./min, pEq./min. pEq./min. mEq./L. mEg./L. mEq./L. 


1,500 ml. of water ingested from —160 to —128 min. 


0.99 178 202 53 140 105 4.0 
0.57 135 167 51 
0.39 104 133 59 137 105 4.4 


0.34 73 99 52 135 105 3.8 


300 ml. albumin infused from 0 to 75 min. 
(First 100 ml. infused from 0 to 23 min.) 


1 —176to—128 91 2.7 2.6 0.1 
2 —128to— 98 90 4.9 2.5 2.4 
3 — 9to— 68 80 5.8 2.2 3.6 
4 — 68to— 39 77 $.7 2.0 3.7 
5 —- 39to— 8 76 5.8 2.0 3.8 
6 —8to 21 76 5.5 1.9 3.6 
7 21to 53 88 5.2 1.9 3.3 
8 S3to 83 82 6.3 2.2 4.1 
9 83to 113 79 6.1 2.0 41 
10 113to 143 81 6.6 1.9 4.7 
11 143 to 6.2 1.9 4.3 


0.34 64 83 52 128 105 3.9 
0.37 63 61 68 131 101 3.7 
0.34 91 69 73 136 100 3.4 
0.33 74 57 60 135 99 3.9 
0.29 69 64 50 136 100 a. 


* See preceding tables for definitions. 


the lowest value noted subsequent to initiation of 
the infusion was only 10 »Eq. per minute less than 
the last control value. UV decreased throughout 
the control periods, and a moderate additional fall 
ensued after the onset of albumin infusion. 

In D, Cor varied irregularly and no trend was 
apparent. Urine flow, Cy.o, and Cosm all de- 
creased during the albumin infusion. Urine ow 
and Cy.o increased toward control levels during 
the follow-up periods; however, Com remained 
depressed throughout. Osmotic U/P ratios in- 
creased during the albumin infusion and decreased 
thereafter. Both sodium and chloride excretion 
rates decreased markedly during the infusion. 


TABLE IX * 
The effects of rapid infusion of 25% salt poor human albumin on Ccr, solute and water excretion in the donor 


C. Influence of 200 mg. sodium intake (Table X) 


On an ad lib, sodium chloride intake, R excreted 
158 mEq. of sodium per 24 hours. While housed 
on a metabolic ward he ingested a diet containing 
200 mg. of sodium for a three-day period. Uri- 
nary sodium excretion was 42 mEq. during the 
final 24-hour period. On the morning of the 
fourth day the sodium concentration of a casual 
urine specimen was 9 mEq. per L. 

The recipient was subjected to a low sodium diet 
for a second time after an interval of eight months 
(eighteen months following transplantation). On 
the third day of sodium deprivation, the 24-hour 
sodium excretion totalled 61 mEq. 


Time Cor Vv Conn Cx 
ml./min. ml./min. ml./min. — ml./min. 


Osm UnaV UciV UKV Py 


Po Pr 
U/P wEq./min. pEg./min. pEq./min. mEg./L. mEq./L. mEq./L. 


Per. min. 
1,500 ml. of water ingested from —154 to —131 min. 

1 —152to-—122 81 2.2 3.2 —1.0 1.5 242 276 ol 140 114 3.9 

2 —122to— 92 73 5.1 2.6 2.5 0.51 164 201 38 

3 —92to— 62 99 9.0 32 5.8 0.35 221 241 44 139 112 4.0 

4 — 62to— 32 91 9.1 3.0 6.1 0.33 194 209 46 

5 — 32to— 2 88 9.2 2.9 6.3 0.31 193 147 52 139 111 4.0 

300 ml. albumin infused from 0 to 40 min. 
(First 100 ml. infused from 0 to 9 min.) 

6 —2to 28 79 6.9 2.5 4.4 0.36 144 106 70 134 112 4.1 

7 28to 59 84 6.3 2.3 4.0 0.37 112 59 96 136 110 3.8 

8 59to 89 92 yi 2.4 53 0.31 119 74 72 137 109 3.8 

9 89to 118 90 7.8 23 5.5 0.30 131 79 46 137 110 3.6 
10 118to 148 97 7.9 y 5.6 0.29 149 93 37 136 108 3.8 
11 148to 178 84 7.9 2.4 5.5 0.31 162 108 31 136 109 3.8 
12 178to 208 87 7.7 2.4 $4 0.31 158 110 36 136 109 3.5 


* See preceding tables for definitions. 
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TABLE X 
The influence of a 200 mg. sodium intake on Co, and electrolyte excretion rates in the recipient * 


UnaV UaiV 
mEq./24 hr. mEq./24 hr. 


UKV 
mEq./24 hr. 


Pya Pe: Px 


1 
2 68 96 88 
3 


144 
37 143 


106 
105 
104 


* See preceding tables for definitions. 


DISCUSSION 


The recipient twin represents an extraordinary 
experimental preparation in that his sole source of 
renal function is a transplanted kidney. Of addi- 
tional interest is the fact that during the trans- 
plantation procedure the kidney became totally 
and irrefutably denervated. That the transplanted 
organ has maintained a considerable degree of 
functional integrity, and indeed that it functions in 
many respects in a normal manner is attested to by 
the following observations: 1) Its filtration rate 
approximates that of the donor’s remaining kidney. 
2) It has maintained its ability to concentrate 
urine. 3) It is able to dilute urine. 4) It is able 
to acidify urine. 5) It is able to alkalinize urine. 
6) It is able both to increase and to decrease its 
rate of sodium excretion in response to varying 
stimuli. 7) It has the capacity to alter acutely 
both its filtration rate and renal plasma flow. 8) 
It has been able to maintain extracellular fluid 
volume and composition intact over a prolonged 
period of time despite widely varying dietary and 
climatic conditions. 


Stability of glomerular filtration rate and renal 
plasma flow 


In the recipient, serial studies (beginning six 
months after transplantation) showed neither a 
progressive rise nor a fall in either GFR or ERPF. 
It is probable, however, that some increase in 
clearance values occurred earlier in his course. 
This possibility receives indirect support from 
two sources: 1) Autotransplantation of a normal 
dog kidney to the iliac fossa using surgical tech- 
niques identical to those employed in the present 
subject is frequently attended by a marked initial 
decrease in clearance values with slow return to- 
ward control levels (16). 2) Clinical tests (in- 
cluding endogenous creatinine clearances) during 


the initial two-month period suggested improve- 
ment in renal function (1). 

Serial observations on the donor over an eight- 
month period following unilateral nephrectomy 
revealed a moderate rise in GFR and ERPF. 

The sum of the values for Cj, in recipient and 
donor eight months following transplantation was 
essentially equal to the two-kidney control value in 
the donor (145 vs. 147 ml. per minute). The com- 
bined value for at eight nonths was appreci- 
ably greater than the control value (782 vs. 477). 
The degree to which the rise in Cpay represents 
compensatory hypertrophy is obscured by the fact 
that the control value may have been inordinately 
low (filtration fraction 33 per cent) due to the 
donor’s state of marked apprehension. 


Renal hemodynamic regulation 


The recipient’s responses to experimental events 
which typically induce changes in GFR and/or 
ERPF could not be distinguished from normal. 
Thus, following Aminophylline administration, Cy, 
increased acutely with no increase in Cpan ; during 
l-norepinephrine infusion decreased mark- 
edly while Cj, remained constant; and following 
orthostatic hypotension Cj, and Cpan both de- 
creased sharply and remained depressed after 
blood pressure returned to normal. These data 
suggest 1) that both renal vasodilatation and re- 
nal vasoconstriction may occur in the absence of 
renal nerves, 2) that Aminophylline and /-norepi- 
nephrine may both act directly on the renal vessels, 
and 3) that renal vasoconstriction occurring in a 
denervated kidney may outlast systemic vasocon- 
striction. The results of these studies lend some 
support to the conviction that the regulation of 
renal hemodynamics in homeostasis is not de- 
pendent upon renal nerves. 
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Electrolyte excretion 


Two general categories of experiments were 
employed to study electrolyte excretion by the 
transplanted kidney: 1) administration of drugs 
which are generally conceded to influence sodium 
excretion at the intrarenal level; and 2) alteration 
of extrarenal factors which are capable of modify- 
ing sodium excretion in the normal subject. 

The results of the studies included in the first 
category were generally indistinguishable from 
the normal response. Thus, following Diamox® 
administration, a sodium, chloride, potassium, and 
bicarbonate diuresis occurred accompanied by a 
decrease in titratable acidity. Following manni- 
tol infusion, a progressive increase in sodium, 
chloride, and potassium excretion rates was ob- 
served. Following Aminophylline, a brisk sodium 
and chloride diuresis occurred which persisted 
after the filtration rate returned to control levels. 
Finally, following intravenous hydrocortisone, a 
fall in UygV and UqvV occurred associated with a 
concurrent rise in UgV. The infusion of /-nor- 
epinephrine was not attended by a decrease in 
sodium and chloride excretion rates. However, 
the consistency with which this phenomenon oc- 
curs in the normal has not yet been established 
(17, 18). 

The recipient’s responses to experiments in the 
second category were generally qualitatively or 
quantitatively abnormai. In four studies, ECF 
volume was expanded acutely. Following infu- 
sion of hypotonic saline on two occasions, a de- 
crease in sodium excretion rate occurred rather 
than the increase observed in the normal subject. 
Following the infusion of isotonic saline in the 
hydropenic state, only a minimal and unsustained 
increase in sodium excretion rate occurred. Fi- 
nally, following infusion of hyperoncotic albumin, 
only a negligible decrease in sodium excretion oc- 
curred and this could not definitely be related to 
the albumin infusion. During inflation of blood 
pressure cuffs around extremities, a stimulus 
which presumably results in a decrease in effec- 
tive circulating blood volume, the only fall in so- 
dium and chloride excretion rates occurred early 
in cuffing (when the normal frequently notes an 
increase). Moreover, the decrease was associated 
with a fall in blood pressure and Cj, and despite 
continuation of cuffing, UyaV and UgV returned 
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toward control levels. Following orthostatic hy- 
potension, with its concomitant decrease in effec- 
tive circulating blood volume, sodium and chloride 
excretion rates decreased only during the period 
of decreased filtration rate, and thereafter re- 
turned toward control levels with the rise in Cyn. 
In the normal subject, temporary hypotension is 
followed by a decrease in urinary excretion of so- 
dium and chloride which appreciably outlasts the 
decrease in GFR (19). 


Water excretion 


Three different stimuli employed in the re- 
cipient to study water excretion independent of 
the electrolyte excretion evoked changes: 1) in- 
fusion of Pitressin® produced a prompt antidiu- 
resis; 2) alteration of plasma osmolality by water 
loading and hydropenia produced water diuresis 
and antidiuresis, respectively; and 3) expansion 
of ECF volume without change in tonicity (iso- 
tonic expansion in the hydropenic state) produced 
a water diuresis, and decrease in effective circu- 
lating blood volume (cuffing and orthostatic hy- 
potension) evoked antidiureses out of proportion 
to the decreases in electrolyte excretion. 


Consideration of abnormal responses in recipient 


The only consistent deviations from normal were 
seen in the electrolyte excretion rates in those ex- 
periments in which ECF volume was acutely al- 
tered. Several variables should be considered 
when evaluating these abnormalities. First, the 
kidney was subjected to total anoxia for 90 min- 
utes during the transplantation procedure. It is 
therefore conceivable that the defects in electrolyte 
excretion were due to a tubular lesion secondary 
to anoxemia. Somewhat against this explanation 
are 1) the prompt and normal response to drugs 
influencing sodium excretion at the intrarenal 
level, and 2) the many parameters of normal renal 
function observed including the near-normal con- 
centrating ability. 

The second consideration is that the failure to 
respond to volume changes was due to defective 
hormonal mechanisms, A deficient release of 


sodium-retaining hormones could also provide an 
explanation for the incomplete cutback in sodium 
excretion following ingestion of a 200 mg. sodium 


% 


1378 


diet. In this light it should be noted that the left 
adrenal gland was removed at the time of left 
nephrectomy. Evidence against the role of a hor- 
monal abnormality is found in recent studies which 
suggest that Addisonian subjects respond in a 
normal manner to hypotonic saline (20), hyper- 
oncotic albumin (15), and cuffing of the lower ex- 
tremities (20). In addition, 24-hour excretion 
rates of 17-ketosteroids and 17-hydroxysteroids 
in the recipient were normal both in the control 
state and following an eight-hcur ACTH infu- 
sion. Moreover, that the defect did not represent 
an inability of the kidney to respond to salt-retain- 
ing steroids is indicated by the normal response to 
intravenous hydrocortisone. The demonstration 
that prehydration facilitated the excretion of an 
administered load of isotonic saline (although to 
a lesser degree than that described in the two- 
kidney normal subject) may indicate the presence 
of a humoral influence on sodium excretion. 

A third explanation for the defects observed in 
electrolyte excretion is that they were due to an 
abnormality in sodium transport which was pres- 
ent prior to transplantation of the kidney. The 
studies on the donor serve to minimize this pos- 
sibility. Thus, his remaining kidney responded 
normally to hypotonic expansion of ECF, isotonic 
expansion of ECF in the hydropenic state, and 
hyperoncotic albumin infusion. The response to 
subdiastolic cuffing, although of small magnitude, 
was qualitatively and temporally normal. Finally, 
although the donor’s response to isotonic saline 
infusion in the prehydrated state was abnormal, 
the recipient did not manifest the same abnor- 
mality. 

The final and perhaps most intriguing possibility 
is that the recipient did not respond normally to 
acute changes in volume because denervation in- 
terrupted the efferent limb of a volume control 
system. Numerous observations in recent years 
have led to the belief that an extrarenal system 
exists which, in the interests of preserving con- 
stancy of ECF volume, is capable of influencing 
the renal excretion of both water and sodium. 
Changes in volume presumably affect water excre- 
tion by influencing the rate of release of anti- 
diuretic hormone. However, the mechanism by 
which the kidney is notified to change its rate of 
electrolyte excretion in response to volume changes 
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remains unknown. Both humoral and neurogenic 
pathways have been discussed (21). 

That the recipient could adequately control vol- 
ume on a chronic basis is attested to by his main- 
tenance of normal body weight and plasma elec- 
trolyte concentrations over a period of many 
months. Moreover, that changes in volume with- 
out simultaneous changes in tonicity were capable 
of evoking changes in water excretion has been 
discussed above. There is some suggestion, how- 
ever, that acute changes in volume did not evoke 
the changes in electrolyte excretion rates which 
are seen in normal subjects. 

Although the present observations do not per- 
mit definitive evaluation of the possibility that re- 
nal nerves play a part in the efferent limb of the 
volume control system in man, the data presented 
are consistent with this interpretation. 


SUMMARY AND CONCLUSIONS 


Studies have been performed on a subject with 
a homotransplanted and therefore denervated kid- 
ney. The majority of experiments were performed 
after the subject’s own two kidneys had been surgi- 
cally removed, and the data therefore describe the 
function of the transplanted organ. Certain paral- 
lel observations were made on the donor who pos- 
sessed as his only kidney the mate of the trans- 
planted organ. The filtration rate in the donor 
prior to transplantation was 147 ml. per minute. 
Following transplantation GFR varied in the re- 
cipient between 60 to 70 ml. per minute, whereas in 
the donor it rose slightly from 68 to 84. Mani- 
festations of the functional integrity of the trans- 
planted kidney were multiple and included the 
abilities to concentrate, dilute, acidify and alkali- 
nize the urine, the capacity to respond normally 
to experimental conditions which typically evoke 
acute alterations in GFR and/or ERPF, the ca- 
pacity to respond normally to a sodium retaining 
adrenal steroid and to different diuretic agents, and 
the ability to maintain ECF volume and composi- 
tion intact over a prolonged period of time. 

Abnormalities in sodium excretion of a qualita- 
tive and/or quantitative nature were observed fol- 
lowing acute alterations of extracellular volume. 
Experiments in this category included: 1) hypo- 
tonic expansion of ECF, 2) isotonic expansion of 
ECF in the hydropenic state, 3) hyperoncotic al- 
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bumin infusion, 4) venous congestion of the lower 
extremities, and 5) orthostatic hypotension. Four 
of these experiments were repeated on the donor 
and the response in each instance was normal, 

Changes in water excretion in the recipient oc- 
curred following intravenous Pitressin®, changes 
in plasma osmolality, and changes in extracellular 
fluid volume. As examples of the latter, a marked 
rise in free water clearance occurred following 
isotonic expansion of ECF, and antidiuresis oc- 
curred in association with venous congestion of 
the lower extremities. 

It is concluded: 1) That a transplanted kidney 
in an identical twin host may function normally 
in most respects and may not only sustain life but 
may maintain normality. 2) That both renal 
vasoconstriction and renal vasodilatation may oc- 
cur in the absence of renal nerves, and that renal 
nerves are probably not necessary for the regula- 
tion of renal hemodynamics. 3) That renal nerves 
are not necessary for the acute changes in electro- 
lyte excretion occurring after administration of 
either diuretic agents (carbonic anhydrase inhibi- 
tor, xanthine derivative, or osmotically active non- 
electrolytic solute) or a sodium-retaining adrenal 
steroid. 4) That renal nerves are not necessary 
for changes in water excretion following intrave- 
nous Pitressin®, changes in osmotic pressure, or 
changes in extracellular fluid volume. 5) That 
renal nerves are not necessary for the chronic 
regulation of extracellular fluid volume or com- 
position. 

The possibility exists that the abnormalities in 
sodium excretion noted in the recipient following 
acute alteration of ECF volume occurred because 
denervation interrupted the efferent limb of a vol- 


ume control system. 
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Progressive and continuous increases in plasma 
lipides after bilateral nephrectomy or ligation of 
the ureters have been demonstrated in cats (1), 
rabbits (2), dogs (3, 4) and monkeys (4). These 
findings led to the hypothesis that the kidney ex- 
erts a regulatory influence on plasma lipides (3). 
The observation that renal venous blood from 
normal rabbits counteracted the hyperlipemia fol- 
lowing nephrectomy supported this concept (5). 
Peripheral venous or renal blood obtained from 
rabbits with damaged tubules did not counteract 
the lipemia, and it was therefore concluded that a 
lipide regulating factor was produced by normal 
tubular cells (5). Jiménez Diaz and Castro- 
Mendoza (6, 7) reported that a renal extract in- 
hibited the hyperlipemia after bilateral nephrec- 
tomy or ureteral ligation in dogs. Svanborg 
(2), and Dimond, Marques Santos, Mundy, 
and Calderwood (8) failed to confirm these obser- 
vations. Since the lipide alterations which occur 
in the nephrotic syndrome are associated with an 
increased incidence of atherosclerosis (9) and 
renal fatty degeneration, an explanation of the 
cause of hyperlipemia would be of value. The de- 
velopment of the intermittent peritoneal dialysis 
technique (10) as an effective means of maintain- 
ing excretory function provided an opportunity 
to evaluate further the role of the kidney in the 
etiology of renal hyperlipemia. 


METHODS 


Four male and 5 female mongrel dogs, weighing 14.2 
to 17.9 Kg., were bilaterally nephrectomized in a single 
stage operation employing ether or Nembutal® anes- 
thesia and a lumbar approach. The postoperative care 
and maintenance of these animals (hereafter referred to 
as “maintained” dogs) by the intermittent peritoneal 
dialysis procedure was previously described (11). Three 
consecutive two-hour dialyses were performed daily for 
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the first seven postoperative days; thereafter, two daily 


dialyses were carried out. A low salt diet which con- 
tained 30 per cent fat, 45 per cent carbohydrate and 18 
per cent protein was employed (11), and the dogs were 
fed via stomach tube an amount of diet equivalent to 54 
Cal. per Kg. per day. Prior to and on the 7th and 14th 
days following nephrectomy, blood samples were with- 
drawn 12 to 16 hours after lavaging and feeding. The 
plasma was immediately separated, placed in 95 per 
cent ethanol, and the lipides were isolated by extraction 
with alcohol-ether, and re-extracted with petroleum 
ether. Aliquots of this extract were analyzed for total 
cholesterol by the procedure of Sperry and Webb (12). 
Phospholipide phosphorus was determined by the King 
method (13). Total lipides were initially determined 
gravimetrically, and later by the Bragdon procedure 
(14). The triglyceride concentration was determined 
as the difference between the total lipide value and the 
phospholipide (lipide P x 25) plus the cholesterol con- 
centration. Non-protein nitrogen (15) also was meas- 
ured in seven of the nine dogs. 


RESULTS 


The mean plasma lipide and non-protein ni- 
trogen concentrations of nine maintained, bilater- 
ally nephrectomized dogs are presented in Table 
I, The plasma phospholipide and cholesterol con- 
centrations on the 7th and 14th days after nephrec- 
tomy showed no significant alterations. The 
plasma phospholipide/cholesterol ratio following 
nephrectomy remained normal. The triglyceride 
and total lipide levels were elevated approximately 
26 per cent and 16 per cent, respectively, on the 
7th and 14th days. These values were not sig- 
nificantly different from the control values. No 
lactescence of plasma was noted in these or other 
maintained, nephrectomized animals previously 
studied (11). Statistically significant changes 
were absent in the plasma lipide concentrations, 
but the variations in lipide levels were much 
greater in the maintained, nephrectomized dogs 
than in normal dogs. 

The degree of azotemia as indicated by the non- 
protein nitrogen level (Table I) increased ap- 
proximately fourfold and sixfold on the 7th and 
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TABLE I 


The plasma lipide fractions * and non-protein nitrogen concentrations in maintained 


bilaterally nephrectomized dogs ¢ 


Group Phospholipide 


Cholesterol 


Total 
lipides 


Non-protein 
nitrogen 


Neutral 
fat 


Control 214 + 18 
-day 223 + 28 
14-day 241 + 32 


120+ 7 
144 + 17 
138 + 15 


216 + 27 550 + 22 31+ 3 
271 + 37 639 + 52 128 + 10 
274 + 43 650 + 70 172+ 8 


14th days, respectively. No statistical correlation 
was observed between the elevated NPN levels 
and the plasma lipide concentrations. 

We confirmed the previous reports (1-4) of 
hyperlipemia following nephrectomy in animals 
when excretory function was not maintained. 
Two dogs were sham-operated and three addi- 
tional dogs were bilaterally nephrectomized but 
not maintained by peritoneal dialysis. Since 
nephrotic hyperlipemia is independent of exoge- 
nously administered fats (16) and occurs in fasted 
animals (4), these nephrectomized animals were 
fasted to minimize vomiting and to prolong life. 
Two of the nephrectomized dogs lived for seven 
days; the third dog lived for six days. In un- 
maintained, nephrectomized dogs, the mean plasma 
phosphatide concentration increased from 243 to 
366 mg. per cent, or a mean 55 per cent elevation. 
The mean plasma total lipide concentration in- 
creased a comparable 56 per cent above the initial 
value, i.¢., from 660 mg. per cent to 1,060 mg. per 
cent. All three dogs showed an elevation in blood 
lipide concentrations. In contrast to the lipide in- 
creases noted in the unmaintained, nephrectomized 
dogs, the sham-operated fasted dogs showed a 
mean decrease from 290 to 200 mg. per cent, or a 
31 per cent depression in the phospholipide level 
and a mean reduction from 680 to 550 mg. per 
cent in the total lipide fraction. Hematocrit values 
did not change in any of the five dogs. Opales- 
cence of plasma did not occur in the three unmain- 
tained, nephrectomized animals, but a significant 
hyperlipemia was uniformly observed (P < .01). 
This lipide increment in the unmaintained, ne- 
phrectomized dogs is especially significant since 
the control, sham-operated dogs showed a marked 
decrease in plasma lipide levels. 

The absence of lipide alterations in the main- 
tained, nephrectomized dogs might have resulted 


* All values are expressed as mg. per 100 ml. of plasma. 
t Mean lipide values and standard errors are derived from 9 animals. 


from a loss of lipide in the dialysate. This possi- 
bility was investigated by studying the plasma 
lipides of a normal sham-operated dog in which 
the intermittent peritoneal dialysis technique was 
carried out for seven days. No decline in any of 
the plasma lipide fractions occurred in this ani- 
mal. The dialysis fluid of a nephrectomized dog 
contained no cholesterol, and the plasma choles- 
terol concentration in another maintained, nephrec- 
tomized dog, prior to and immediately after the 
morning dialysis, was unaltered. ‘These observa- 
tions make it unlikely that the absence of hyper- 
lipemia in the maintained, nephrectomized dogs 
results from a loss of lipide in the dialyzing fluid. 


DISCUSSION 


Numerous investigators have studied the effects 
of renal ablation on the plasma lipides. Nekludow 
(1) noted a progressive increase in plasma cho- 
lesterol after bilateral nephrectomy or ureteral 
ligation in cats. Heymann (3) noted a rise in 
total lipide and cholesterol in dogs after bilateral 
nephrectomy or mercury poisoning and suggested 
the existence of a tubular apparatus for regulating 
blood lipides. Winkler, Durlacher, Hoff, and 
Man (4) confirmed and expanded the observa- 
tions of hyperlipemia in nephrectomized monkeys 
and dogs. 

Svanborg listed the possible causes of renal 
hyperlipemia as interruptions in the (a) excre- 
tory function of the kidney, (b) internal secretory 
activity of the kidney, or (c) metabolic function 
of the kidney (2, 17). Svanborg concluded that 
the absence of renal metabolic activity causes the 
elevation in blood lipides of nephrectomized ani- 
mals. Our present findings of unaltered lipide 
levels in maintained bilaterally nephrectomized 
dogs do not support this conclusion. 
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Maintenance of bilaterally nephrectomized dogs 
by the peritoneal dialysis technique is associated 


with normal liver function, as evaluated by various 


metabolic and excretory liver function tests (18). 
Since the liver is the main organ for regulation of 
plasma lipides in the dog, it is entirely possible 
that our findings may be credited to maintenance 
of normal liver function by keeping the animal es- 
sentially free of toxic material(s). 

Friedman and Byers (19) demonstrated that 
the accumulation of bile acid in plasma is a con- 
dition sufficient in itself to initiate the hepatic 
mechanism responsible for hypercholesteremia. 
Rosenman, Friedman, and Byers (20) also sug- 
gested a possible relationship between hypercho- 
latemia and hypercholesteremia in clinical and ex- 
perimental nephrosis, as well as in bilaterally 
nephrectomized animals (19). When the cho- 
late: cholesterol relationship in normal rats given 
cholate by intravenous injection is compared with 
that in nephrectomized animals, it is suggestive 
that the rise in cholesterol concentration noted in 
the latter animals may exceed that which could 
be accounted for by the plasma cholate elevation. 

In our present study, it is possible that removal 
of diffusible cholate from plasma of maintained 
nephrectomized dogs may have aided in preventing 
the hyperlipemia and hypercholesteremia other- 
wise observed. 

Bloor (21) suggested that nephrotic hyper- 
lipemia is caused by a general metabolic disturb- 
ance. Peters and Van Slyke stated that there is 
“no inverse relation between the serum lipides and 
blood non-protein nitrogen or any other index of 
renal excretory function” (22). It has been dem- 
onstrated, however, that hyperlipemia occurs in 
ureter-ligated dogs only as renal function is af- 
fected (23). The non-protein nitrogen levels ob- 
served in our maintained dogs 7 and 14 days fol- 
lowing nephrectomy were much lower than the 
non-protein nitrogen levels found in non-main- 
tained dogs 12 to 24 hours after nephrectomy (7, 
23), at which time minor changes, if any, have 
occurred in the plasma lipide fractions (7, 23). 

In consideration of the significantly different 
results obtained in the unmaintained and main- 
tained nephrectomized dogs, it is apparent that the 
lipide changes in unmaintained nephrectomized 
animals are not the result of a loss in renal hor- 


monal or metabolic activity. Our present findings 
question the previously proposed concepts of renal 
endocrine or metabolic factors which regulate 
plasma lipide metabolism. 


SUMMARY 


In bilaterally nephrectomized dogs maintained 
for 14 days by intermittent peritoneal dialysis, no 
significant alteration occurred in the plasma phos- 
pholipide and cholesterol levels. Plasma total 
lipide and triglyceride concentrations increased 
only slightly. Renal hyperlipemia induced by bi- 
lateral nephrectomy apparently results from meta- 
bolic disturbances secondary to the loss of renal 
excretory function and not from a loss of renal 
metabolic or hormonal control. 
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A discrepancy appears to exist between total 
blood volume as calculated from albumin space 
and large vessel hematocrit, and total blood vol- 
ume as calculated from red cell volume and this 
hematocrit (1, 2). The hematocrit as measured 
on arterial or venous blood indicates a ratio of 
red cell volume to plasma volume that is higher 
than the total body red cell volume to total body 
plasma volume ratio. Fahraeus (1) in 1921 per- 
formed experiments with blood flowing through 
fine glass capillaries in which he demonstrated 
a lower hematocrit in the fine capillaries than in 
the larger entrance or exit vessels. It was postu- 
lated that this phenomenon was due to laminar 
flow with axial streaming of red cells and con- 
sequent excess of plasma. Hence, the concept of 
a “small vessel or capillary hematocrit” was con- 
ceived. 

Freis, Stanton and Emerson (3), using T-1824 
dye and differential agglutination of red cells 
(Ashby technique), studied the transit times of 
plasma and red cells through the human forearm 
and found a more rapid circulation for red cells 
than for plasma. Lawson, Overbey, Moore and 
Shadle (4) studied the pulmonary circulation in 
dogs with T-1824 dye and P* tagged red cells. 
These authors concluded that the hematocrit of 
the pulmonary capillaries was much lower than 
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that of the peripheral blood. Although Lawson’s 
findings were consistent with a “small vessel he- 
matocrit” concept, differences between methods 
used to measure red cell transit times and plasma 
transit times might well have affected his results. 

Analysis of the data of Freis’ experiments would 
indicate that the differences in transit times found 
were of insufficient magnitude to account for a 
lowering of the “small vessel hematocrit” by axial 
streaming of red cells. In an attempt to explore 
this phenomenon further, an investigation was 
made of the hematocrit of the pulmonary circula- 
tion in man. 


MATERIALS AND METHODS 


Eighteen studies were performed on thirteen patients 
without cardiovascular or pulmonary disease. Twenty 
ml. of a subject’s blood was incubated for one hour at 
room temperature in a Fenwal bottle containing 9 ml. of 
N.I.H. Solution B acid citrate dextrose solution and ap- 
proximately 50 to 100 microcuries of Na.Cr"O, equivalent 
to 25 to 200 micrograms of chromium metal. The mix- 
ture was centrifuged and the supernatant plasma removed. 
The bottle was then refilled with normal saline solution, 
mixed, recentrifuged and the saline supernatant removed. 
This was repeated until the washing saline was free of 
radioactivity. Twenty microcuries of I™ tagged human 
serum albumin was then added with sufficient saline to 
reconstitute the suspension to 20 ml. After thorough mix- 
ing a portion of this suspension was removed for analy- 
sis. The remainder (approximately 5 ml.) was then in- 
jected rapidly with a calibrated syringe into the circulation 
of the subject. In eleven cases the injection was made 
into an antecubital vein and in seven cases into the main 
pulmonary artery through a cardiac catheter. 

Samples of blood were collected continuously at two- 
second intervals for one minute from a femoral artery 
through a seventeen gauge thin-wall needle via a short 
length of rubber tubing. The blood drained into paraf- 
fined test tubes containing one drop of dried heparin solu- 
tion. Following collection of the samples, blood was taken 
for hematocrit determinations in Wintrobe tubes (2,000 G 
for 60 minutes). One or two ml. samples of the re- 
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TABLE I 
Pulmonary blood flow from tagged red cells and tagged plasma albumin 


Arterial Plasma 
hematocrit ow 
% ml./sec. 


Injection 
site 


Total blood flow 


Red cell flow 


Het./100 
ml./sec. 


Total flow 
from RBC 


Total flow 
from plasma 


Plasma flow 


100-Hct./100 
ml./sec. 


w 
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maining blood were pipetted into vials and centrifuged. 
The supernatant plasma was removed and 0.5 ml. pipetted 
onto planchettes containing a few granules of dry de- 
tergent. The red cells remaining in the vials were 
washed three times with normal saline and the Cr™ ac- 
tivity of the erythrocytes determined in a scintillation 
well-type counter. I™ activity of the plasma aliquots 
was determined with an end-window Geiger-Mueller 


tube after drying. A portion of the original injectate 
was analyzed in a similar manner. Because of high 
activity only 0.1 ml. aliquots were used for red cell ac- 
tivity measurement and I™ activity of the supernatant 
was determined after dilution 1:250 times with saline. 
Counts of Cr™* were converted to counts per ml. red 
cells from the hematocrit of the samples. 

No correction for trapped plasma was made since 


PULMONARY BLOOD FLOW 


FROM @ Crd! 


FLOW (ml /sec.) 


= CALCULATED FROM Cr! 


AVERAGE RATIO = 99+ .06 


Fic. 1. 


CoMPARISON OF PULMONARY BLOop FLow CALCULATED FROM LARGE VESSEL HEMATO- 


CRIT AND EITHER TAGGED Rep CELLS or TAGGED PLASMA 
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a 53.9 30.9 82 88 1.07 
ae 92.1 65.0 . 155 156 1.01 
f 56.2 39.6 99 92 .93 
54.8 38.5 94 93 .99 
aS Ante- 170.5 96, 271 260 .96 
a cubital 49.6 35 81 91 1.12 
vein 46.1 37 84 82 98 
‘ 76.5 63 137 144 1.05 
ee 57.6 35 93 93 1.00 
a 61.3 45 110 102 .93 
95.7 169 152 .90 
4 34.6 61 62 1.02 
+ 62.4 101 101 1.00 
Bhi. Pulmo- 66.9 123 116 .94 
4 nary 69.3 121 117 97 
rer artery 50.6 82 84 1.02 ' 
60.1 106 92 87 
61.1 107 117 1.09 
8 115 113 99 
+.06 
200- 
by 


HEMATOCRIT OF THE LESSER CIRCULATION 


TABLE II 


Red cell and plasma volumes of central circulation 


(volume = mean circulation time X flow) 


M Central 
ean circulation hematocrit 
(Het.o) Arterial 
Red Plasma Red RBC volume hema- 
cells albumin cell Plasma RBC , Plasma tocrit 
Injection (Tre) (Tp) Trbe volume volume vol. + vol. 
Subject site sec. Sec. Tp ml. ml. % % 
V. C. 18.8 19.1 .99 581 1,027 36.4 35.0 1.04 
W. W. 13.2 13.3 1.01 857 1,204 41.5 41.6 1.00 
A.G. 17.4 17.8 .98 687 1,000 40.7 43.0 95 
E. B. 22.7 23.8 95 875 1,304 40.2 41.4 .97 
W. T. Ante- 10.2 10.9 .94 981 1,858 34.6 37.0 .94 
R. B. cubital 16.8 17.6 95 596 837 40.6 39.0 1.04 
M.S. vein 31.6 31.7 1.00 1,182 1,461 44.7 45.5 .98 
f M. 14.7 15.0 .98 933 1,148 44.8 44.0 1.02 
* 8 25.8 26.3 98 916 1,515 37.7 38.2 .99 
4, P: 16.3 16.9 96 734 1,036 41.5 44.5 .93 
as 18.4 19.1 96 1,214 1,828 43.2 43.4 1.00 


+.02 


the hematocrits of the injectate and the samples were 
determined in the same manner. The Cr" counts were 
plotted logarithmically against time, zero time being 
designated as the midpoint of the interval required for 
injection (usually two to five seconds). After extra- 
polation of the downslope of the resultant curve, the 
pulmonary red cell flow and mean circulation time were 
calculated by application of the Stewart-Hamilton prin- 
ciple (5). Similarly, the I™ counts were plotted and the 
plasma flow calculated, as well as the plasma albumin 
mean circulation time. The calculation of flow and mean 
circulation time from the curves was performed em- 
ploying a method of mathematical integration to infinite 
time (6). 

The red cell volume and plasma volume of the cen- 
tral circulation were computed applying the formula: 
volume equals mean circulation time multiplied by flow. 
The hematocrit of the lesser circulation was taken as the 
ratio of the red cell volume to the sum of the red cell vol- 
ume plus plasma volume. MHematocrits also were cal- 
culated directly from the ratio of mean circulation times 
as discussed later. 


RESULTS 


Total blood flows calculated from either tagged 
red celis or plasma and the arterial hematocrit 


were almost identical (Table I, Figure 1). The 
ratio of these simultaneously but independently 
measured flows was .99 (S.D. + .06). 

The circulating red cell volumes, plasma vol- 
umes and the hematocrits of the lesser circulation 
are tabulated in Table II. The upper portion of 
the table refers to the data obtained following ante- 
cubital vein injections; the lower portion refers 
to the data obtained following pulmonary injection. 
The ratio of central circulation to large vessel he- 
matocrit averaged 99+ .04 (S.D.) following 
peripheral injection and .98 + .07 (S.D.) following 
central injection. This table also indicates the 
mean circulation time for red cells and plasma 
from each injection site. In both series the ratio 
of red cell to plasma mean transit times averaged 
97 + .02 (S.D.), a figure not significantly dif- 
ferent from unity (P > .05). 

The total circulating central blood volumes (red 
cell plus plasma volumes) measured by antecubi- 
tal vein injection averaged 2,163 ml. as compared 
to 1,252 ml. following pulmonary artery injection. 
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Average 18.7. 19.2 97 867 1,296 99 
S.D. +.02 +.04 
V. K. 11.6 12.4 94 310 429 40.3 43 94 | 
L. J. 12.5 13.0 96 480 811 35.5 38 93 
M.S. Pulino- 15.5 15.5 1.00 820 1,037 45.5 45 1.00 | 
I. M. nary 10.1 10.3 98 502 714 45.9 42 1.08 
artery 13.7 14.3 96 438 724 38.6 38 1.01 
J; P. 11.6 12.3 94 476 739 39.2 44 88 | 
11.5 11.6 99 576 708 42.2 42 99 
Average 124 12.8 97 515 737 98 ah 
S.D. +.07 
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TABLE III 
Red cell and plasma volumes calculated from extrapolated 
downslopes of plotted curves following 
antecubital vein injection 


(volume = flow per downslope) 


1/Downslope 

Red Plasma Red cell Plasma 

cells albumin volume volume 
Subject sec. Sec. ml, mil. 
¥. <.. 10.5 10.8 324 579 
W. W. 4.8 4.2 312 387 
A.G. 6.4 6.5 253 365 
E. B. 8.3 8.5 320 466 
W. T. 3.1 3.3 298 566 
R. B. 3.8 41 135 203 
M. S.* 10.2 10.0 381 461 
i M.* 4.7 4.6 298 352 
7.9 7.8 279 446 
3.7 4.0 167 245 
4.8 317 416 
Average 280 408 


* Subjects also had measurements made following pul- 
monary artery injection. See Table IV. 


The large volume after antecubital vein injection 
can be explained by the fact that it includes the 
venous volume from the site of injection and all 
possible equitemporal injection sites. 

“Pulmonary” volumes were also calculated from 
the extrapolated downslopes of the plotted curves 
according to the method described by Newman, 
Merrell, Genecin, Monge, Milnor and McKeever 
(7). The average total “pulmonary” blood volume 
measured 688 ml. following antecubital vein in- 
jection and 231 ml. following pulmonary artery in- 
jections (Tables III and IV). The possibility 
exists that this difference resulted from incomplete 
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mixing of the indicators with pulmonary artery 
blood when injected through the catheter. Under 
this condition only a portion of the pulmonary 
blood volume would be measured. However, this 
marked difference in apparent pulmonary blood 
volume as measured by the Newman technique in- 
cludes in the group five patients who had succes- 
sive determinations made from both injection sites. 
In each of these five cases, the volume measui 2d 
following antecubital vein injection was two and 
one-half to three times that calculated following 
pulmonary artery injection. It would seem un- 
likely that incomplete mixing, which should give 
random results, could account for the fairly con- 
stant relationship observed. Similar changes in 
‘ownslope with varying injection sites, under con- 
ditions in which incomplete mixing was more 
probably not a factor, have been reported by 
Hetzel, Swan and Wood in an even larger number 
of patients (8). It is more likely that, under 
conditions of peripheral injection, the largest vol- 
ume in the series through which the indicators are 
diluted includes the venous system and perhaps 
the right heart. Hence, the slope following periph- 
eral injection would measure this volume rather 
than that of the lung. On the assumption that the 
slope following pulmonary artery injection meas- 
ures pulmonary volume, the hematocrit of this 
“pulmonary” vasculature was calculated. The 
ratio of “pulmonary” to large vessel hematocrit 
again in these cases averaged 98 (S.D. + .05) 
(Table IV, Figure 2). 


TABLE IV 


“Pulmonary” red cell and plasma volumes and “pulmonary” hematocrit following pulmonary artery injection 
(from volume = flow per downslope) 


1/Downslope hed 
Red Plasma cell Plasma “Pulmonary” Arterial Pulm. Het 
cells albumin volume volume hematocrit hematocrit Eulm. Fict. 
Subject sec. sec. ml. ml. A % Art. Het. 
V. K. 2.4 2.8 64 95 40.3 43.0 94 
Lf. 2.0 2.3 77 140 35.5 38.2 93 
M. S.* 2.9 2.7 151 181 45.5 45.5 1.00 
f: M.* 2.0 1.8 100 118 45.9 42.5 1.08 
Ba, 2.7 2.7 86 137 38.6 38.2 1.01 
2.4 106 138 43.4 44.5 98 
q by 1.9 2.1 93 128 42.2 42.8 98 
Average 2.33 2.39 97 134 98 
S.D. +.05 
* Subjects also had measurements made following antecubital vein injection. See Table IIT. 
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HEMATOCRIT OF THE LESSER CIRCULATION 


"PULMONARY" HEMATOCRIT VS LG. VESSEL HEMATOCRIT 
PULMONARY ARTERY INJECTION OF INDICATOR 


= PULMONARY HCT 
@ = LG VESSEL HCT 


HEMATOCRIT 
WS 


AVERAGE RATIO= .05 


Fic. 2. ComMPARISON OF HEMATOCRITS CALCULATED FROM “PUL- 
MONARY” VOLUME MEASUREMENTS (NEWMAN METHOD) WITH 
Larce VESSEL HEMATOCRITS IN SEVEN SUBJECTS 


DISCUSSION 


These data demonstrate that during one circu- 
lation there is no measurable loss f tracer albumin 
by this method in the pulmonary capillaries. Had 
there been utilization, the total blood flow as cal- 
culated from tagged albumin would have been sig- 
nificantly higher than the total blood flow as cal- 
culated from the tagged red cells. Since the cal- 
culated blood flows are essentially identical the 
hematocrit of the lesser circulation can be recalcu- 
lated directly from the ratio of mean circulation 
time of red cells to mean circulation time of plasma 
albumin as follows: 


Fyne x Te (1 ) 
and 
Vp1 x Tp (2) 


where V, F, and T represent volume, flow and 
mean circulation time of red cells (rbc) and 


plasma (pl). 
The central hematocrit (H.) then is given by 


Vibe + Vp1 F x + Fy x y 


Since values of total pulmonary blood flow 
calculated on the basis of the large vessel 
hematocrit (Hiy) and the distribution of tagged 
red cells, or tagged plasma protein, are identical, 


Frve Fy 
Hy rae Hi, #) 


or by rearrangement, 


Fite Hiy 
Fy 1 Hi, (5) 


Substituting (5) into (3), and after rearrange- 
ment, we now have 


(0) 
Tp Hw 


When the central circulation hematocrits cal- 
culated from equation six are compared to the 
large vessel hematocrits, the ratio again averages 
98 (S.D.+ .01) following antecubital vein in- 
jection and .98 (S.D. + .02) following pulmonary 
artery injection. The chief advantage of this 
method of calculation is that it eliminates the 
need for analysis of the injectate and thus reduces 
a possible source of laboratory error. 

Similar reasoning can be applied in determining 
the hematocrit of the “pulmonary” circulation di- 
rectly from the measured downslopes of the ex- 
trapolated curves without blood flow calculation. 
By this method the “pulmonary” hematocrit aver- 
ages .98 + .06 (S.D.) (Table V). 

In drawing conclusions from these data it is 
necessary to be aware of certain limitations in- 
herent in the method used in this study. Vol- 
umes measured by mean transit times must in- 
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TABLE V 
“Pulmonary” hematocrit as calculated directly from extrapolated red cell and plasma time concentration curve 


downslopes following pulmonary artery injection 
1/Downslope 
Red Plasma 
i Arterial 
= 
Subject sec. sec. Sp % % Art. Het. 
V.K. 2.4 2.8 86 39.3 43.0 91 
in Js 2.0 2.3 .87 34.9 38.2 91 
M.S. 2.9 2.7 1.07 47.1 45.5 1.04 
J. M. 20 1.8 1.11 45.1 42.5 1.06 
F. I. 2.7 20 1.00 38.2 38.2 1.00 
i . 2.4 2.3 1.04 45.4 44.5 1.02 
1.9 21 .90 40.2 42.8 94 
Average 2.33 2.39 .97 .98 
S.D. +.06 


clude the blood contained in all the vessels from 
the injection site and all possible equitemporal 
injection sites to the sampling site and all possible 
equitemporal sampling sites. Thus, the hemato- 
crit measured, especially following peripheral vein 
injection, is the average hematocrit of blood in 
the great vessels, heart, and the pulmonary capil- 
laries. This amount of large vessel blood would 
be expected to partially mask any effect on the 
measured hematocrit of the blood contained in the 
pulmonary capillaries. Much of this large vessel 
blood can be eliminated from the measurement by 
injecting the indicators into the pulmonary artery. 
Though there is the possibility that mixing in the 
pulmonary artery is incomplete, this probably has 
no bearing on the hematocrit results. The albumin 
and red cells are well mixed before injection and 
should therefore have the same opportunities with 
respect to their pathways through the lung. In- 
complete mixing with pulmonary artery blood can 
only result in measurement of the hematocrit of a 
portion, rather than the whole, of the pulmonary 
capillary bed. It would seem reasonable, how- 
ever, that results obtained in a part of the lung 
would be representative of its entire capillary bed. 
The average volume measured by antecubital 
vein injection was 2163 ml. compared to an aver- 
age of 1252 ml. by pulmonary artery injection 
(Table II). In spite of this elimination of about 
900 ml. of large vessel blood the ratios of the 
mean transit times for red cells and plasma re- 
mained identical (.97 + .02), as did the calcu- 
lated hematocrit ratios (.98+ .02) (Figure 3). 
Neither of these ratios is statistically different 


from unity (P > .05), and their failure to change 
with injection site indicates that the circulating 
pulmonary hematocrit is not significantly different 
from the hematocrit of the larger entrance or exit 
vessels. The tabulated change in ratio of central 
hematocrit to large vessel hematocrit with injec- 
tion site shown in Table II (from .99 + .04 to 
.98 + .07) is an artefact introduced by the statisti- 
cal variations in blood flow measurement. This 
has been eliminated, as explained previously, in 
the construction of Figure 3. 

These data would indicate, therefore, that in 
the pulmonary capillary bed of man no significant 
degree of axial streaming of red cells can be dem- 
onstrated by this method, and that the pulmonary 
capillary hematocrit, as measured by mean transit 
time single circulation techniques, is not signifi- 
cantly different from the large vessel hematocrit. 
Similar experiments in this laboratory utilizing the 
human forearm capillary beds have also failed 
to show evidence of significant red cell streaming 
in its component organs (9). 

If then, as these studies suggest, red cells and 
plasma have the same relative volume of distribu- 
tion in a single circulation in the lungs and fore- 
arm capillary beds as they do in the larger blood 
vessels, how can the apparent excess of plasma 
albumin space as measured by total body plasma 
volume determinations be explained? Studies of 
the splanchnic area in man in this laboratory (10) 
and independently by Lathem and Gordon (11) 
by an equilibration method (12), have shown a 
splanchnic to large vessel hematocrit ratio also of 
about .91. This in itself would not be sufficient 
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AVERAGE RATIO=.98+.02 


Fic. 3. CENTRAL HEMATOCRITS DETERMINED BY MEASUREMENT OF MEAN CIRCULATION TIME 
CoMPARED WITH LARGE VESSEL HEMATOCRITS IN EIGHTEEN STUDIES 


to account for the total body plasma albumin ex- 
cess. The most likely explanation follows from an 
analysis of the methods used in the various studies. 
Since total body plasma measurements and 
splanchnic plasma volume studies require sev- 
eral minutes for equilibration, it seems likely that 
there exists a slowly circulating albumin space, 
either extravascularly or in intermittently closed 
capillaries containing trapped plasma, which equili- 
brates over several minutes with tagged albumin, 
and which is not measured by single circulation 
techniques. The observations of Rapaport, 
Kuida, Haynes and Dexter (13) in studying the 
pulmonary blood volume in dogs by both single 
circulation and equilibration methods would sup- 
port this concept. 

Another possibility to be considered is that 
albumin entering a capillary might not diffuse into 
a layer of slow moving plasma lining the capillary 
wall during a single circulation. The rate of mix- 
ing of entering albumin with this circumferential 
layer of plasma will depend upon the rate of diffu- 
sion of albumin in flowing plasma. Since albumin 
is of relatively large molecular size, its rate of 
diffusion is less than that of the smaller crystal- 
loids and might be sufficiently small to prevent 
complete exchange with the circumfereatial layer 
of plasma albumin during a single circulation. 


Under these circumstances, the method used in 
this study would not be expected to measure the 
volume of this lining of plasma. 

Failure of complete exchange of intravascular 
albumin does not seem likely, however, from the 
following consideration: if there were critical dif- 
ferences in mixing, due to variations in diffusion 
characteristics of substances of different molecu- 
lar size, one would expect that small molecules 
would exhibit more complete exchange with the 
circumferential plasma layer than larger protein 
molecules. If this were the case the mean circu- 
lation time of albumin during a single circulation 
would be significantly ‘ess than that of smaller 
crystalloids. However, in studies of the central 
circulation the mean transit times of thiocyanate 
ion (14) and ionic Na** (15) have been found to 
be identical with simultaneously injected labelled 
alburain and hence must have the same intravascu- 
lar volume of distribution as the albumin. It 
would seem then to be valid to assume at chis time 
that, during a single circulation, albumin mixes 
with all the plasma contained in a capillary into 
which it enters. 


SUMMARY AND CONCLUSION 


Red cell and plasma flows, mean circulation 
times, and indicator dilution curve downslopes 
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were simultaneously but independently measured 
in the lesser circulation in normal human subjects 
using Cr* tagged red cells and I?** tagged albu- 
min. Hematocrits of the lesser circulation and 
“pulmonary” capillaries were calculated from the 
data and compared to the arterial hematocrit 
measured in Wintrobe tubes. The ratio of lesser 
circulation to large vessel hematocrits averaged 
.98 + .02 (S.D.). The results suggest that axial 
streaming of red cells in the lung capillaries does 
not occur to any significant extent. 
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THE PULMONARY BLOOD VOLUME IN MITRAL STENOSIS? 


By ELLIOT RAPAPORT,2 HIROSHI KUIDA,’ FLORENCE W. HAYNES, ano 


The Stewart-Hamilton indicator dilution method 
for the measurement of intrathoracic blood volume 
has provided the basis for an extensive study of 
the “pulmonary” blood volume in patients with 
mitral stenosis (1-7). There appears to be a lack 
of uniformity in the results of various studies re- 
ported in the literature, however, despite the use 
of the same indicator, Evans Blue dye and similar 
methodology. In these various studies, the only 
significant technical differences lay in the site of 
indicator injection—the most common sites being 
either a peripheral vein or the pulmonary artery. 

Borden, Ebert, Wilson, and Wells (1), using 
pulmonary artery injections, found no essential 
difference in central blood volumes between 10 
patients with mitral stenosis and 12 normal sub- 
jects. Kopelman and Lee (2) found slight, prob- 
ably insignificant, increases in intrathoracic blood 
volume in patients with mitral stenosis as com- 
pared to normals. Most of these were studied 
with peripheral vein dye injections, although a 
small number in whom injection was made into 
the pulmonary artery also failed to show a signifi- 
cant increase. Ball, Kopelman, and Witham (3) 
utilized antecubital vein injections and failed to 
find intrathoracic blood volume greater than in 
normals. They reasoned that cardiomegaly in 
the patients with mitral stenosis results in a greater 
int.acardiac blood volume than in the normal 
group and, therefore, that there must actually be 
a decrease of blood volume in the lung vessels. 
Tompkins, Burchell, and Wood (4), using periph- 
eral injections, studied 25 patients with severe 
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mitral disease, and 16 normals. There was a 
tendency for the pulmonary blood volume to be 
higher in the normals, although the difference 
was not statistically significant. Wade, Werko, 
Eliasch, Gidlund, and Lagerlof (5), using periph- 
eral artery injections, found no difference in 
average volumes in 34 cases covering all the vari- 
ous functional subgroups of mitral stenosis. The 
cardio-pulmonary blood volume was seen to re- 
main approximately a constant fraction of total 
blood volume. Their results confirmed previous 
studies from this group (6) that there is no sig- 
nificant change in the pulmonary blood volume in 
mitral stenosis, although a good correlation was 
shown between the cardio-pulmonary volume and 
the “pulmonary capillary” pressure. Finally, 
Doyle, Wilson, Lépine, and Warren (7) demon- 
strated an increased pulmonary blood volume in 
six patients with mitral stenosis utilizing Evans 
Blue dye injected through a pulmonary artery 
catheter. 

The findings in the majority of these studies of 
a cardio-pulmonary blood volume not significantly 
different from the normal are somewhat sur- 
prising in view of the multitude of clinical, hemo- 
dynamic and pathological evidences that would 
tend to suggest that this volume might be in- 
creased. The present study was undertaken in an 
attempt to re-evaluate this problem by correlating 
the “pulmonary” blood volume with other varia- 
bles measured by right heart catheterization; pul- 
monary blood volume was determined by the 
Bradley arteriovenous equilibration method (8, 9) 
as well as by the traditional Stewart-Hamilton 
method (10, 11, 12) and the simultaneous use of 
both a plasma tag, Evans Blue dye and chromium™ 
tagged red cells. 


METHODS 


Nineteen right heart catheterizations and pulmonary 
blood volume determinations were performed in 16 pa- 
tients with mitral stenosis; 3 patients were studied be- 
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fore and after mitral valve surgery. Six cc. of homolo- 
gous packed rea :ells were re-suspended in 10 cc. saline 
and incubated with approximately 125 microcuries of 
sodium chromate™ at 37° for one hour. After centrifu- 
gation, the packed cells were washed twice with normal 
saline. Four cc. of the radioactive packed red cells were 
then pipetted into a glass beaker. An equal amount of 
.5 per cent Evans Blue dye solution which previously had 
been diluted with 1 to 2 cc. of hypertonic saline for iso- 
tonicity was added to make an 8-cc. mixture of cells and 
Evans Blue dye. From this mixture, 6 cc. were placed 
in a Gibson syringe which was calibrated by weight to 
deliver a known volume through the catheter. Cardiac 
catheterization was performed in the usual manner with 
a special double lumen catheter with the openings sepa- 
rated by 25 centimeters. After obtaining the “pulmonary 
capillary” pressure, the catheter was withdrawn under 
fluoroscopic control until the distal tip rested in the main 
pulmonary artery, and the proximal end opened into vari- 
able sites in the right atrium depending on the size of 
the heart. An 18-gauge Cournand needle was placed 
in each brachial artery. One minute following collec- 
tion of arterial and mixed venous blood and a 3-minute 
sample of expired air for direct Fick cardiac output de- 
termination, the 6-cc. mixture of Evans Blue dye and 
chromium" tagged red cells was injected through the 
proximal lumen of the double lumen catheter into the 
right atrium. Injections took on the average 2 seconds. 
In all cases, the time of injection was plotted as the mid 
point of the injection interval (13). Coincident with 
injection, sampling was begun simultaneously from the 
pulmonary artery and one brachial artery by means of a 
constant suction pump in a manner previously described 
(9). Multiple samples were collected continuously at 
30 to 40-second intervals for 5 or 6 periods. All samples 
were taken in calibrated tubes containing approximately 
0.1 cc. purified dried heparin. Simultaneously, samples 
were collected at 2-second intervals from the Cournand 
needle in the opposite brachial artery in a multiple frac- 
tion collector for constrtiction of arterial dye and red cell 
indicator dilution curves. Flows approximating 1.0 cc. 
per second were obtained through a polyethylene seg- 
ment 1.0 cc. in volume. Blood samples for total plasma 
and red cell volume determination were collected at 10 
and 20 minutes; the plasma dye concentration was extra- 
polated to zero time. Hematocrits were spun with a 
centrifuge radius arm of 19 cm. for 30 minutes at 3,000 
rpm in Wintrobe tubes and corrected for trapped plasma 
as advocated by Gregersen (14). ; 

One-cc. aliquots of whole blood were pipetted into cul- 
ture tubes and the radioactivity determined in a well-type 
scintillation counter for sufficient time to insure less than 
a one per cent standard error. A one-cc. aliquot of the 
mixed red cell Evans Blue dye injectate was diluted 1 to 
200 as a standard, and counted in a similar manner. 
The whole blood samples were then centrifuged and the 
removed undiluted plasma read against control plasma 
in a Beckman DU Spectrophotometer at 620 mu. Micro- 
cuvettes were used for determining dye concentration in 
the samples from which the indicator dilution curve was 
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constructed; however, the volume of the samples obtained 
from the constant suction pump were sufficient to permit 
use of standard macrocuvettes. A dye standard was made 
from each patient’s plasma using the hypertonic saline 
diluted dye injectate. The activity of the remaining 
packed red cells in random samples was redetermined 
after removal of plasma to insure that no appreciable 
counts had been present in the plasma. 

Blood oxygen analyses were performed by the method 
of Van Slyke and Neill (15). Pressures were measured 
with Sanborn electromanometers or Statham P-23D pres- 
sure transducers and recorded on a Sanborn Poly-Viso 
recording oscillograph. Mitral valve area and pulmonary 
vascular resistance were calculated in the routine man- 
ner (16). Cardiac output was determined by both the 
direct Fick and by the indicator dilution method of 
Stewart as modified by Hamilton (10, 12). ‘Pulmonary” 
blood volume was determined as the sum of pulmonary 
plasma and red cell volumes by the Stewart-Hamilton 
method, as follows: 


“Pulmonary” plasma volume 


MTTESD 
COs 60 


X (1 — Het) 
and 
“Pulmonary” red cell volume 


= C.0,c! x 


MTTC# 
60 


X Het 


where 

C.0.£8D and C.0.°*! = Cardiac output in cc. per minute 
determined with Evans Blue dye and Cr* tagged red 
cells, respectively. 

MTTE®D and MTT°™ = Mean transit time of dye or 
labelled red cells in seconds. 

Hct = Hematocrit corrected for trapped plasma and 
expressed as a decimal. 


Similarly, ‘‘pulmonary”’ blood volumes were calculated 
by the equilibration methoc of Bradley and his associates 
(8, 9) according to the formula: 

“Pulmonary” plasma volume 


C0. x TX (PAmd — BAmd) X (1 — Het) 
Ceq 


“Pulmonary” red cell volume 
C.0O. X T X (PAmc — BAmc) X Het 
Ceq 


where 
C.O. = cardiac output as the average of flows deter- 
mined by dye and tagged cells in cc. per second. 


T = time in seconds from injection until equilibration 
of indicator concentration, either red cell or plasma, 
in the pulmonary and brachial arteries. 


PAmd and PAmc = mean pulmonary arterial indicator 
concentration during time T in mgm. per cc. (dye) 
or counts per minute per cc. (cells), respectively. 


BAmd and BAmc = mean brachial arterial indicator 
concentration during time T in mgm. per cc. (dye) 
or counts per minute per cc. (cells), respectively. 
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Ceq = indicator concentration at equilibration in mgm. 
per cc. (dye) or counts per minute per cc. (cells), 
respectively. 


RESULTS 


Cardiac output determined with either Cr? 
tagged red cells or Evans Blue dye agreed well 
with those determined by the direct Fick method 
(Figure 1), The average of the ratios of cardiac 
outputs obtained in individual patients by the 
Evans Blue dye dilution method to the Fick 
method was .96 (s.d.=.14). The ratios of 
cardiac outputs obtained by the chromium* tagged 
red cell dilution method to the outputs obtained 
with the direct Fick method had a mean of .96 
(s.d. = .13). The average of the ratios of cardiac 
outputs in individual patients using Evans Blue 
dye to those determined with chromium® red cells 
was 1.00 (s.d.= .05). No evidence of a system- 
atic error could be discerned either between the 
indicator dilution method and the Fick method or 
between the two indicator dilution techniques 
themselves. 

The mean transit time of plasma indicator was 
always longer than that of tagged red cells. Dye 
to cell mean transit time ratios obtained in indi- 
vidual patients averaged 1.05 (s.d. = .03). 

The pulmonary hematocrit is the ratio of the 
pulmonary red cell volume measured by Cr** to 
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TABLE I 


o 


T 


O—EVANS BLUE OYE 
RED CELL 


INDICATOR DILUTION OUTPUT IN L/ MIN 


3 4 5 6 
OUTPUT IN L/MIN: 


Fic. 1. THe Carprac Output MitRAL STENOSIS 


Simultaneous cardiac outputs obtained by the use of 
chromium™ tagged red cells, Evans Blue dye and the di- 
rect Fick methods. 


the sum of the red cell pulmonary and the Evans 
Blue dye plasma pulmonary volumes. When cal- 
culated by the Stewart-Hamilton method, the pul- 
monary hematocrit averaged 97 per cent of large 
vessel hematocrits (s.d. = 2 per cent) and 91 per 
cent (s.d. = 7 per cent) when calculated by the 
Bradley method. Total body hematocrit, the ratio 
of total red celi volume to total red cell and plasma 


Pulmonary Pulmonary Pulmonary 
red ceil plasma blood 
volume volume volume 


cc./M2 cc./M.2 cc./M.2 


Pulmonary 
het. 
% 


i- cator uili- olu 
Pt. dilution dilution dilution dilution bration % % cc./M2 cc./M2 
i §22:. 202 889 487 1,411 689 37.0 29.3 38.6 34.1 1,371 2,645 4,016 
341 9243 664 594 51.4 40.9 52.4 50.7 1,047 1,018 2,065 
F. D. 307 = 3338 353 389 660 727 46.5 46.5 49.9 48.2 822 882 1,704 
LE 661 566 657 640 1,318 1,206 50.1 46.9 49.7 45.7 1,496 1,792 3,288 
M. deJ. 244 219 355 599 524 40.7 41.7 42.7 1,003 3,640* 
A. W. 221 146 374 9277 595 423 37.1 34.5 39.6 36.9 716 1,941 
L,.D. 248 230 368 369 616 599 40.2 38.4 41.3 41.4 855 1,207 2,062 
B.G. 338 420 399 758 720 44.6 44.6 Bate 
D. 342 288 445 518 787 806 43.5 35.8 444 42.3 1,108 1,508 2,616 
le 316 323 497 521 813 844 38.8 38.3 41.9 38.8 915 1,443 2,358 
R. B. 414 345 win” Sat 986 896 42.0 38.5 43.2 41.9 1,225 1,702 2,927 
Post-op 241 270 462 460 703 730 34.3>: 27.2 383 948 2,084 3,032 
a 2 275 190 424 312 699 502 38.4 37.9 40.2 37.6 738 1,225 1,963 
AL 295 397 692 42.7 43.4 2,462  3,902* 
Post-op 248 393 641 38.7 40.3 33.7 807 1,592 2,399 
354 279 676 47.6 47.8 48.5 43.0 982 1,302 2,284 
Post-op 228 158 397 = 299 625 457 36.4 34.5 37.0 33.5 745 1,477 2,222 
L. B. 463 266 572 339 1,035 607 44.7 44.0 46.1. 414 . 1,153 08653 2, 
A.N. 462 274 oon, Sal 1,013 591 45.6 46.4 45.6 40.8 1,132 1,642 2,774 


* Based on large vessel hematocrit. 
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TABLE II 
Mitral valve 
Mean transit Pulmonary area 
Cardiac output time Pressures vascular cm? 
L./min. seconds mm. Hg resistance 
R.S.A. dynes sec. Gorlin Surgeon's 
Pt. Fick Dye Cr® Dye Cells BA PA RA formula estimate 
K. K. 1.59 3.35 3.33 3.16 41.5 40.8 124/74(91) 32 83/38(52) 17 470 0.6 
B. P. 1.98 4.08 4.43 4.59 18.2 16.9 137/77(95) 18 35/19(25) 9 98 
F, D. 1.88 4.14 5.32 4.93 14.9 14.1 128/92(104) 22 37/22(26) 6 77 1.1 5 Be 
Pe wg 1.79 3.44 2.69 3.04 52.1 47.0 117/79(94) 24 57/38(46) 10 512 0.6 2.3 
M. deJ. 1.55 5.14 3.81 3.81 15.2 13.9 98/58(74 19 rt 0 150 13 0.7 
A. W. 1.38 2.08 2.45 2.27 20.9 20.3 100/75(84) 23 73/41(53 5 860 0.6 0.9 
LD. 1.45 4.19 4.44 4.51 12.3 11.6 97/53(76 15 9 /130195 0 138 1.1 1.0 
B.G. 1.77 447 4.85 4.98 16.8 16.0 110772088} 13. 29/13(19 2 142 1.1 1.0 
5.2. 1.97 3.23 3.23 3.23 29.3 28.2 112/72 50) 30 68/41(53) 7 575 0.6 0.8 
K. U. 1.41 3.63 3.41 20.0 18.7 98/61(80 11 26/9(16) —1 90 0.9 0.9 
x. 1.87 6.38 5.67 5.75 19.9 18.7 94/60(79) 17 42/21(29) 4 118 1.0 1.0 
Post-op 1.84 5.61 6.07 13.6 13.2 108/65(78) 12 72 32ta3s 8 85 1.6 
J. F. 1.52 3.83 3.20 3.22 20.2 19.4 120/67(83) 29 72/32(43) 4 292 0.8 0.4 
M.C. 1.50 2.84 2.82 2.88 22.4 21.3 113/69(83) 27 104/41(65) 9 914 0.6 0.8 
Post-op 1.49 3.90 2.87 2.74 °20.5 20.1 116/68(87) 21 100/40(63) 11 841 0.9 
ey A 1.63 2.83 2.59 2.67 26.0 24.3 98/73(87) 22 42/23(30) 6 312 0.5 
Post-op 1.63 3.59 3.09 3.14 19.9 19.1 103/69(81) 13 40/12(21) 8 214 1.4 
L. B. 1.58 2.98 3.01. 2.99 33.4 31.8 147/76(105) 20 50/19(28) 12 242 0.5 
A.N. 1.33 37.6 36.9 162/84(116) 22 40/23(30) 15 207 0.6 


* Predominant mitral insufficiency at operation. 


volume, averaged 92 per cent (s.d. = 4 per cent) 
of large vessel hematocrits. 

Table I lists the values calculated for the pul- 
monary blood volume by the two methods. The 
circulating pulmonary blood volume determined by 
the Stewart-Hamilton method averaged 805 cc. per 
M.? (range of 595 to 1,411) representing the sum 
of mean pulmonary plasma and red cell volumes 
of 463 cc. per M.? and 341 cc. per M.?, respectively. 
The pulmonary blood volume averaged 31.9 per 
cent of total blood volume (range 23.2 to 40.1 per 
cent). 

The circulating pulmonary blood volume deter- 
mined as the sum of the plasma and red ceil vol- 
umes by the arteriovenous equilibration method 
averaged 674 cc. per M.? (range of 423 to 1,206) 
representing the sum of an average pulmonary 
plasma volume of 401 cc. per M.? and red cell vol- 
ume of 273 cc. per M.? The pulmonary blood vol- 
ume by this method averaged 27.2 per cent of total 
blood volume (range 17.1 per cent to 42.7 per 
cent). 

Table II lists the pertinent hemodynamic data 
obtained at catheterization in these patients. 


DISCUSSION 
Cardiac output 


Cardiac output can be accurately calculated by 
the indicator dilution technique with use of only 


a single indicator, either red cell or plasma, since 
the presence of a significantly lower pulmonary 
hematocrit compared to large vessel hematocrit is 
of no consequence in the determination of cardiac 
output by these methods (13). Figure 1 illus- 
trates the correlation between cardiac outputs ob- 
tained by the chromium*, dye and Fick methods. 
These results lend further confirmation to the gen- 
erally accepted view that arterial indicator dilution 
curve values of cardiac output are closely com- 
parable to those obtained by the direct Fick 
method. The observations of Eliasch (17) that 
grades III and IV patients with mitral stenosis 
had average dye outputs significantly higher than 
Fick outputs were not confirmed in this study. 

The mean of the ratios of individual Evans 
Blue dye to chromium* red cell outputs was 1.00 
with only a 5 per cent standard deviation. This 
indicates that dye in significant amounts does not 
leak out of the pulmonary circulation during its 
initial circulation despite the high pulmonary capil- 
lary pressures bordering on pulmonary edema 
levels in many of these cases. If dye had left the 
circulation, outputs calculated by the dye method 
would have been erroneously higher than those 
calculated with tagged red cells, which presum- 
ably do remain within the vessels. 

Dow (18) quotes Ring to the effect that dye 
outputs exceed tagged cell outputs when the two 
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indicators are simultaneously injected initially, 
and that this discrepancy disappears on the sub- 
sequent injections in the same dog. The impli- 
cation that Evans Blue dye is taken out of the pul- 
monary circulation unless the system is primed or 
saturated by previous injections was not born out 
by the results in the present study. 


Pulmonary blood volume 


It has been proposed by Braunwald, Cournand, 
and Fishman (19), on the basis of model experi- 
ments, that the high flow to volume ratio of the 
pulmonary bed precludes measurement of the 
pulmonary blood volume by the Bradley technique. 
The Bradley formulation is an arithmetic relation- 
ship from which, assigning the approximate flow 
to volume ratio which exists in the pulmonary bed 
in man, one can readily predict that the mean ar- 
teriovenous difference of indicator concentration 
will be close to 15 per cent of the final equilibra- 
tion concentration. This implies that an analytical 
error of one per cent may result in as much as a 6 
to 7 per cent error in the final volume. In their 
model experiments, Braunwald, Cournand, and 
Fishman (19) used a direct writing densitometer 
for recording dye concentration. It would seem 
logical to ascribe an analytical error with this 
methodology of roughly 5 per cent. This in turn 
could result in considerably more error in the 
final pulmonary volume determined by the Bradley 
formula. The method might well prove valueless 
under this experimental situation. However, it 
is to be emphasized that in the experiments re- 
ported in this communication, dye analyses for 
the Bradley volumes were carried out in macrocu- 
vettes on a Beckman DU Spectrophotometer using 
undiluted plasma and with duplicate checks to well 
within one per cent. At the same time, the red 
cell radioactivity was measured sufficiently long to 
insure less than a one per cent standard error. 
Under these analytical conditions, it was our feel- 
ing that one might well be able to measure the pul- 
monary blood volume in man with reasonable ac- 
curacy despite the relatively high flow to volume 
ratio. 

This hope appears to have been justified by the 
results shown in Figure 2, which illustrates the 
relationship between pulmonary blood volumes 
obtained by the traditional Stewart-Hamilton 
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PULMONARY BLOOD VOLUME (S-H)-—C C 
Fic. 2. THe Putmonary BLoop VoLuME IN MITRAL 
STENOSIS 


“Pulmonary” blood volumes determined by the Stewart- 
Hamilton indicator dilution method are compared to 
volumes simultaneously obtained by the Bradley arterio-~ 
venous equilibration method. 


technique and volumes obtained simultaneously by 
the Bradley method. A significant correlation 
between these volumes, R = + 82 (p < .01), was 
obtained. The indicator dilution values were gen- 
erally higher, but this was expected since they in- 
cluded the additional volume of the right ventricle 
and a portion, if not all, of the right atrium. The 
overall agreement is satisfactory and would seem 
to substantiate the fact that the arteriovenous 
equilibration method is a suitable one for the meas- 
urement of the pulmonary blood volume in man. 
In those situations where cardiac output is mark- 
edly depressed, valvular insufficiency is present, 
or pulmonary blood volume markedly increased, 
the exponential downstroke of the indicator dilu- 
tion curve may be difficult to separate from the ef- 
fects of indicator recirculation. Under these cir- 
cumstances, extrapolation of the curve may pro- 
duce considerable error in the determination of 
pulmonary volume by the indicator dilution 
method. The Bradley method is at its height of 
accuracy under these same conditions of low flow 
or increased volume. Therefore, in these circum- 
stances the Bradley method may actually become 
the preferable one. It might be noted that the 
validity of the indicator dilution curve for deter- 
mination of volume can be established by compar- 
ing cardiac output calculated from the same curve 


1 
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with the direct Fick method. However, it should 
also be noted that the reliability of volume is worse 
than the reliability of flow resulting from errors 
in downstroke extrapolation, particularly if re- 
circulation is early. A 10 per cent flow error may 
lead to as much as a 30 per cent error in volume 
determination. 


Factors influencing the pulmonary blood volume 


The arteriovenous equilibration method meas- 
ures the vascular compartment from the pulmo- 
nary artery sampling site to that in the brachial 
artery, and includes the volume in other arteries 
temporally equidistant from the base of the aorta 
to the brachial artery needle. The volume yielded 
as the product of the mean transit time and cardiac 
output in these experiments represents the volume 
of a portion of the right atrium, where injection 
was made, and the right ventricle, as well as the 
rest of the volume measured by the arteriovenous 
equilibration method. Therefore, the difference 
in mean values obtained by the two methods may 
in part be explained. Right atrial injection was 
made necessary by the requirement that blood 
sampled from the pulmonary artery for the Bradley 
method be thoroughly mixed with indicator, and 
thus truly representative of the indicator concen- 
tration entering the pulmonary bed. The actual 
volumes obtained by both the Bradley and the 
Stewart-Hamilton methods in these patients with 
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Fic. 3. Tue Errect or “PC” Pressure oN PULMONARY 
Bioop VoLUME 


No correlation is seen between “pulmonary capillary” 
pressure and the “pulmonary” blood volume. 
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PULMONARY BLOOD VOL: (SH)-CC 
Fic. 4. Tue Errecr or CARDIOMEGALY ON PULMONARY 
BLoop VoLUME IN MITRAL STENOSIS 


The absence of correlation between pulmonary blood 
volume and heart size judged roentgenologically is 
demonstrated. 


mitral stenosis varied over a wide range of values 
(Table 1) with a mean still within the upper range 
generally seen in normals (6). Since the wide 
range of values incorporated one or two which 
were low, many normals, and several which were 
increased, the hemodynamic data were analyzed to 
see what factors, in addition to mitral stenosis, 
might contribute to the volumes in any individual 
case. Specifically, an attempt was made to cor- 
relate the volumes obtained by the two methods 
with other variables measured by cardiac catheteri- 
zation. 

Figure 3 demonstrates the poor relationship be- 
tween “pulmonary capillary” pressure and pul- 
monary blood volume. This confirms the findings 
of Doyle, Wilson, Lépine, and Warren (7) and 
of Johnson (20), but is in contrast to the findings 
of Wade, Werko, Eliasch, Gidlund, and Lagerléf 
(5) who were able to demonstrate such a relation- 
ship. On the surface, it would appear difficult to 
explain the absence of correlation between these 
two variables, since presumably the increased 
“pulmonary capillary” pressure in mitral : enosis 
must be dependent upon either an increase in vol- 
ume of blood in this bed or an increase in pulmo- 
nary venvus and left atrial tone. However, when 
one takes into consideration that the methodology 
permits detection of volume changes only if greater 
than 100 cc. or so (7), it becomes apparent that 
significant changes in volume which could cause 
increases in pressure might remain undetected. 
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he 
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There was perhaps some tendency for patients 
with the smallest valve areas calculated by the 
Gorlin formula (21) to have the larger volumes, 
but there was no significant correlation, as exami- 
nation of Tables I and II reveals. 

The Stewart-Hamilton method as performed in 
these experiments included the volume of all the 
heart chambers, and the Bradley method included 
the volume of the left heart. It was therefore con- 
sidered that cardiomegaly in certain individual 
cases might be predominantly responsible for the 
volumes which were obtained. Figure 4, how- 
ever, demonstrates that there was no correlation 
whatsoever between heart size as judged roent- 
genologically and the pulmonary blood volumes 
calculated by the Bradley method. A similar ab- 
sence of correlation was seen with the Stewart- 
Hamilton volumes. 

Figure 5 illustrates the relationship between 
the pulmonary blood volume and pulmonary vas- 
cular resistance. Despite the three values in the 
range between 450 and 600 dscm-*, which obvi- 
ously grossly deviate, the data were found to fit 
quite well an exponential curve of the general 
form log y = —.3 log x + 3.75, where y = pul- 
monary blood volume and x = pulmonary vas- 
cular resistance. The correlation coefficient, de- 
rived by the computation of least squares, between 
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Fic. 5. Tue Errect or Purtmonary VascuLar Restst- 
ANCE ON PULMONARY BLoop VoLUME 

The relationship between pulmonary resistance and 

“pulmonary” blood volume fits quite well an exponen- 

tial curve when plotted logarithmically. 
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PULMONARY BLOOD VOLUME (BHCC 
Fic. 6. THe Errect or Carpiac OuTPUT ON PULMONARY 
BLoop VoLUME 


A significant correlation is seen between the level of 
cardiac output expressed as the average of the Evans 
Blue dye and chromium™ values and the “pulmonary” 
blood volume. 


the theoretical variables and the actual measured 
values was 0.9982. This relationship is quite simi- 
lar to that noted previously between cardiac out- 
put and pulmonary resistance in patients with 
mitral stenosis (22), as well as in other situations 
where pulmonary resistance is raised (23, 24). 
Consequently, it immediately suggested to us that 
the pulmonary blood volume would be correlated 
with the level of cardiac output in these patients. 
Indeed, a correlation was demonstrated in this 
study between cardiac output and pulmonary blood 
volume (Figure 6). The probability of the cor- 
relation coefficient of + .75 occurring by chance is 
less than one in a thousand. A similar correla- 
tion was seen between stroke output and pulmo- 
nary blood volume. Thus, when cardiac output 
tended to be maintained at normal levels despite 
the mitral lesion, pulmonary blood volumes in 
these cases were in the higher range of normal or 
increased, whereas in those cases where cardiac 
output was reduced the pulmonary blood volume 
tended to be low normal or occasionally reduced. 
This correlation is in contrast to the findings of 
Ball, Kopelman and Witham (3) but is in close 
agreement with similar observations made in a 
large number of normal subjects by Johnson (20), 
and also in the group studied by Doyle, Wilson, 
Lépine, and Warren (7). 
Doyle and his associates concluded that such a 


| | 


correlation is inherent in the calculation of pulmo- 
nary blood volume since cardiac output appears in 
the formula. However, this conclusion does not 
appear to be justified. As long as the expressions 
involved in the calculation of pulmonary blood 
volume are completely independent variables, this 
correlation is not merely a mathematical certainty 
but is of biological significance. Mean transit time 
is an independently measured function which may 
increase, decrease, or remain unchanged as cardiac 
output varies. For example, an increase in cardiac 
output may be matched by a corresponding de- 
crease in mean transit time with the result that pul- 
monary blood volume would be unchanged. In 
other words, the calculated volume bears no obli- 
gate relationship to any variable used in its de- 
termination either with the Stewart-Hamilton or 
the Bradley formula, and the demonstration of a 
correlation between pulmonary blood volume and 
cardiac output would, therefore, appear to have 
a fundamental significance. Johnson (20) inter- 
prets these findings in his normals to indicate that 
pulmonary blood volume tends to act as a reser- 
voir or blood depot supplying the left ventricle 
with an increased volume when the needs of the 
periphery require an increase in cardiac output. 
We cannot be sure that such a teleological explan- 
ation can be accepted, although it is plausible that 
the pressure volume curve of the capillary-venous 
bed of the lungs and left heart is such as to re- 
quire considerable increase in volume in order to 
cause the small rise in filling pressure of the left 
ventricle which presumably occurs when the stroke 
volume of the heart increases. In any case, it 
would appear clear that the important variable, on 
which pulmonary blood volume depends, is the 
cardiac output. Whether pulmonary blood volume 
will be increased or not in a given patient with 
mitral stenosis appears predominantly dependent 
on whether cardiac output is maintained or whether 
it has been reduced by the processes of mitral valve 
obstruction and increased pulmonary vascular re- 
sistance. 

The implication of this relationship between 
pulmonary blood flow and volume is that the vol- 
umes in mitral stenosis, though generally within 
the normal range, are elevated in respect to the 
low outputs. To better validate this premise, it 
would be necessary to know: 
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1) The pulmonary blood volume in “normals” 
through the entire range of cardiac outputs, par- 
ticularly low outputs. 

2) How this volume varies with changes in 
output. 

3) What would be the volumes in patients with 
mitral stenosis if their outputs were higher (nor- 
mal range). 

We have not made a systematic study of this 
problem as yet, but three separate studies that 
have been carried out provide some evidence sug- 
gesting that the pulmonary blood volume in mitral 
stenosis is indeed elevated when considered in re- 
lation to the cardiac output. This evidence is as 
follows : 

1) Rest and exercise studies of the cardiac out- 
put and pulmonary blood volume were determined 
by the Stewart-Hamilton method and a plasma 
indicator injected into the pulmonary artery in 
7 additional cases of mitral stenosis. The results 
(Table III) indicate that the volume increased 
only in those cases (4 patients) in which there 
was a significant increase in cardiac output. In 
the 3 patients in whom the output failed to in- 
crease appreciably, the volume remained un- 
changed. The “pulmonary capillary” pressure 
rose significantly during exercise in all patients 
regardless of whether or not there was a volume 
change. 

2) The production of acute experimental pul- 
monary edema in 7 dogs by infusion of a systemic 
vasoconstrictor substance (methoxamine) was at- 
tended uniformly by left atrial and pulmonary 


TABLE III 


Effect of exercise on “‘pulmonary” blood volume in 
mitral stenosis * 


Rest Exercise 
_ “Pulmonary” “Pulmona: 
Cardiac blood Cardiac blood 
output volume output volume 
Pt. L./min. ce. L./min. ce. 
Alt. a9 1,222 7.0 1,632 
Kea 5.1 733 6.0 1,012 
Se. P 4.3 884 8.1 a 
Bar. 5.7 998 7.4 1,319 
O'Co 5.3 912 5.8 845 
Les. 4.2 561 3.8 602 
Koz. 3.7 1,387 4.1 1,451 
* Cardiac output and “pulmonary” ' ., volume were 


studied in seven additional patients with mitral stenosis 
before and during exercise using Evans Blue de injected 
into the pulmonary artery. 
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venous and capillary hypertension and a markedly 
reduced cardiac output (25). The alteration of 
pulmonary blood volume, however, was not uni- 
form, showing no change from control levels in 3, 
a fall in 2, and an increase in 2. Thus, pulmonary 
vascular hypertension was not accompanied by a 
predictable change in volume, a finding qualita- 
tively similar to that of the present study. Simi- 
larly, the volumes appeared out of proportion to 
the very low level of cardiac outputs which aver- 
aged but 28 per cent of initial control values. 

3) Acute occlusion of one main branch of the 
pulmonary artery in dogs (26) has no significant 
effect on the cardiac output, and causes, at most, 
only slight increases in pulmonary artery pres- 
sures; tius the flow through the unoccluded lung 
essentiatiy doubles. Since the calculated pulmo- 
nary blood volume remains constant, it is evident 
that the vascular volume of the unoccluded lung 
nearly doubles ; therefore, the flow to volume ratio 
in that lung remains constant. These observations 
provide evidence for the existence of a relation- 
ship between flow and volume. Additional studies 
of this relationship in animals and humans are 
clearly indicated and are being considered. 


Pulmonary hematocrit 


It was observed in all patients that the mean 
transit time of red cells through the lung is faster 
than that of plasma. Since the total quantity per 
unit time of red cells and plasma going into the 
lung in the steady state is essentially the same as 
that leaving the lung, it follows that overall pulmo- 
nary hematocrit must be lower than that of blood 
circulating in the large vessels. Therefore, one 
may say unequivocally that pulmonary hematocrits 
by the Stewart-Hamilton method were distinctly 
lower than large vessel hematocrits in these pa- 
tients. However, when the calculated hematocrits 
are subjected to statistical analysis, the mean ratio 
of pulmonary to large vessel hematocrit is .97 (s.d. 
= .02), which indicates a probability of between 
5 and 10 per cent of occurrence by chance. How- 
ever, calculation of pulmonary to large vessel he- 
matocrit ratio in this manner incorporates any 
errors in measuring cardiac output and also reflects 
any errors present in reading the hematocrit of 
large vessel blood or in correcting it for trapped 
plasma. These errors are not introduced in the 
calculation of mean transit times, which become a 


more accurate reflection of the existing pulmonary 
hematocrit. 

The pulmonary to large vessel hematocrit ratio 
as computed by the Bradley method had a mean of 
.91 which was statistically significant (p < .01). 
It is somewhat difficult to explain the significantly 
lower pulmonary hematocrit by the Bradley 
method as compared to the Stewart-Hamilton 
method. It is true that an additional volume of 
large vessel blood contained in the right ventricle 
and right auricle which seems to be included in the 
volume yielded by the indicator dilution method, 
does not appear in the determination of the pulmo- 
nary hematocrit by the arteriovenous equilibration 
method. However, this in itself seems incapable of 
altering the mean to this extent, and other limita- 
tions and assumptions in both methods, which have 
been detailed elsewhere (8, 9, 13), may also play 
a role. In any case, the ability to demonstrate by 
both these methods that pulmonary hematocrit 
was less than large vessel hematocrit is of con- 
siderable significance, for both methods measure 
a huge amount of large vessel blood as contrasted 
to the actual amount of blood in small vessels. 
Estimates of pulmonary capillary volume, (27) 
indicate that the pulmonary capillary bed probably 
makes up less than 10 per cent of the total volume 
measured by these techniques. Therefore, a dem- 
onstration of lowered overall hematocrit implies 
that the hematocrit of the pulmonary capillary bed 
itself must be very low, undoubtedly something less 
than 75 per cent of large vessel blood. 

These findings contrast with those reported by 
Lilienfield and his colleagues (28) for normal man, 
where a significant lowering ot pulmonary hemato- 
crit by the Stewart-Hamilton method could not be 
demonstrated. Our observations are in accord, 
however, with our findings in normal dogs (29), 
as well as those of Dow, Hahn, and Hamilton (30) 
and those of Lawson, Cantrell, Shaw, Blackburn, 
and Adams (31). It would appear from these 
results that the pulmonary capillary bed does con- 
tribute to the overall lowering of total body he- 
matocrit in comparison to large vessel hematocrit 
in patients with mitral stenosis. In this series, the 
ratio of total body to large vessel hematocrit had a 
mean of .92 with a standard deviation of .04, which 
is in good agreement with the ratio found by 
others (32) in man over a wide range of large 
vessel hematocrits. 
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SUMMARY 


1. The Stewart-Hamilton and Bradley methods 
for “pulmonary” blood volume determination were 
simultaneously studied 19 times during right heart 
catheterization in 16 patients with mitral stenosis 
utilizing chromium* tagged red cells and Evans 
Blue dye. 

2. No correlation was demonstrated between 
“pulmonary” blood voiume and mitral valve area, 
heart size, or “pulmonary capillary” pressure. A 
straight-line relationship when plotted logarith- 
mically between “pulmonary” blood volume and 
pulmonary vascular resistance was demonstrated, 
which suggested that another variable related 
to resistance affected the level of pulmonary blood 
volume. When the relationship between cardiac 
output and “pulmonary” blood volume was ex- 
amined a significant linear correlation was found, 
suggesting that pulmonary blood flow would ap- 
pear to be the predominant variable governing 
“pulmonary” blood volume. Evidence is presented 
to suggest that “pulmonary” blood volume is ele- 
vated out of proportion to the existing blood flow 
in mitral stenosis, and that it is the presence of a 
reduced cardiac output in many patients with 
mitral stenosis which results in a mean “pulmo- 
nary” blood volume within the normal range. 

3. No evidence of a systematic error in cardiac 
output was discerned between the two indicator 
dilution methods themselves or with the direct 
Fick method. This suggests that Evans Blue dye 
in significant amounts does not leak out of the 
pulmonary bed during its initial circulation despite 
high “pulmonary capillary” pressures. 

4. A good correlation was seen between indi- 
vidual volumes calculated by the Bradley arterio- 
venous equilibration method and those calculated 
by the traditional Stewart-Hamilton method. 
Results indicate that with careful analytic tech- 
nique the Bradley method can be satisfactorily 
applied to measurement of “pulmonary” blood 
volume. 

5. Average mean transit time was shorter for 
tagged cells than for dye in all patients. As a re- 
sult “pulmonary” hematocrit was lower than large 
vessel hematocrit. Since the methods used meas- 
ure blood volumes predominantly situated in large 
vessels rather than in capillaries, the demonstra- 
tion of a lower “pulmonary” hematocrit indicates 
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that the hematocrit of the pulmonary capillary 
bed itself must be considerably less. 
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THE PHOSPHATE PARTITION OF THE ERYTHROCYTES OF 
NORMAL NEWBORN INFANTS AND OF INFANTS WITH 
HEMOLYTIC DISEASE 
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The mammalian erythrocyte depends on a com- 
plex glycolytic mechanism for most of its energy. 
It is believed that this mechanism controls the 
transfer of cations across the cell membrane, and 
serves to maintain the biconcave shape of the red 
blood cell. Adenosine triphosphate and 2,3-di- 
phosphoglycerate participate in the energy ex- 
changes involved in these processes (1-9). 

Alterations in the relationship of the phosphate 
fractions develop in erythrocytes during storage 
(10-16). Similar changes do not occur with the 
senescence of erythrocytes in vivo (12). The de- 
viations from the normal pattern may be reversed 
following the transfusion of stored blood (14), 
and by the addition of some of the purine nucleo- 
sides in vitro (17-24). Abnormalities of the 
metabolism of the erythrocytes in hereditary 
spherocytosis, auto-immune hemolytic disease 
with spherocytosis, and in hereditary non-sphero- 
cytic hemolytic disease have been demonstrated 
(25-28). The literature contains only frag- 
mentary data on partitioning of the acid-soluble 
phosphorus compounds of fetal erythrocytes (2, 
29-32). Elevated values have been reported for 
the inorganic and ester phosphates in the red cells 
of normal infants (31, 32). 

The purpose of this study was to find out if the 
action of specific antibodies on fetal erythrocytes 
produces any alteration in the phosphate partition- 
ing. The intra-erythrocytic phosphate pattern of 
normal fetal red cells was studied and compared 
with that of the red cells of adults. 


MATERIAL AND METHODS 


All the infants studied had been delivered normally but 
were otherwise unselected. There were ten female and 
six male babies in the normal group and nine females and 
one male with erythroblastosis fetalis. The average 
weight of the normal infants was 7.6 pounds (6.1 to 9.0), 
and the weight of the infants with hemolytic disease 
averaged 6.8 pounds (5.1 to 8.4). The blood group of 


one normal infant was A and that of the mother B. 
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The blood group of two infants with hemolytic disease 
was AB and their mothers were A, and B. The other 
infants were all products of homospecific pregnancies. 
The medication and anesthesia administered for delivery 
were similar in the two groups. 

The cord blood? of the normal babies was drawn asep- 
tically from the umbilical vein at the time of delivery. 
The blood of the infants with hemolytic disease was ob- 
tained at the time of the first replacement transfusion 
within the first eight hours of life. All of the blood 
specimens were collected into acid-citrate-dextrose solu- 
tion (ACD) formula A? in the proportion of 100 ml. of 
blood to 15 ml. of preservative. The final concentration 
of glucose added was approximately 320 mg. per cent 
in whole blood. The specimens reached the laboratory 
within 30 minutes. Aliquots were distributed into sterile 
vacuum tubes. The chemical analysis of the fresh speci- 
mens was started immediately. The remaining aliquots 
were stored at 4° to 6° C. Mixing of the specimens dur- 
ing storage was avoided in order to duplicate the usual 
conditions under which “bank blood” is kept. Each 
specimen was cultured at the time of use, and the data 
were discarded if -ontamination was present. 

For studying the effect of antibodies added in vitro the 
plasma was removed from a portion of the blood speci- 
men and replaced with sterile anti-D serum? and ACD 
solution. This mixture and the control specimen were 
incubated at 37+ 1° C in a water bath, and aliquots of 
each were distributed into sterile tubes for storage at 4° 
to 6° C. 

Adenosine, 1004M per ml. of 0.85 per cent sodium 
chloride, was added to a final concentration of 25 4M per 
ml. of packed red cells. An identical volume of 0.85 per 
cent sodium chloride was added to the control specimens. 
All the solutions were sterile. 

A direct Coombs test was performed on each specimen 
containing antibodies. 

Hematocrit determinations were done in duplicate us- 
ing a high-speed microhematocrit centrifuge.* 

For phosphate partition the red cells were washed 
three times with cold saline. The buffy coat was re- 
moved after each washing. The inorganic, total, 7-minute 
hydrolyzable, and 100-minute hydrolyzable phosphate 


1 Cord blood and fetal blood are used interchangeably. 
2 Trisodium citrate 2.20 per cent 

Citric acid 0.80 per cent 

Dextrose 2.45 per cent 
3 Native serum containing no diluent or preservative. 
4 International Co. 
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fractions were determined on cold, five per cent trichlora- 
cetic acid extracts of the washed, packed red cells by 
the method of Lowry and Lopez (33). The hydrolyses 
were conducted for 7 and 100 minutes in 1 N H.SO, at 
100° C. The total phosphate was determined after wet 
ashing the filtrate (34). 

The phosphate fractions determined in this manner 
(12, 15, 35-38) are believed to represent: 1) inorganic 
phosphate; 2) labile phosphates released by 7-minute hy- 
drolysis mainly from adenosine triphosphate (easily hy- 
drolyzable) ; 3) phosphates split from adenosine mono- 
phosphate and hexose phosphates after 100-minute hy- 
drolysis (difficultly hydrolyzable) ; 4) total phosphate; 
5) largely the phosphates of 2,3-diphosphoglycerate which 
are estimated by subtracting the first three fractions 
from the total phosphate (non-hydrolyzable). 

Duplicate determinations were performed throughout 
the study. Analysis of these data reveals: 


Percentage of values 
falling within 


1S.D. 3S.D. 


Standard 
deviation 
mg. % 


Number of 


+0.2506 
+0.3965 
+0.5156 
+1.2153 


90.6 
86.1 
89.2 
52.1 


98.9 
100.0 
98.9 
93.6 


* See legend, Table I. 


P values were obtained from ¢ calculated by the formula 
given by Snedecor (39) for groups of unequal sizes: 


+ — 2) 
(m1 + N2) Sx? 


t=2Z 


where 


2% = the difference between the group means. 
Sx? = the pooled sum of the squares of the differences 
from the two group means. 


RESULTS 


Comparison of the erythrocytes of normal infants 
and adults 


Trend during storage. The data presented in 
Table I indicate a greater increase in the inorganic 
phosphorus of the erythrocytes of normal cord 
blood than in the red cells of adults after storage 
for three weeks at 4° C. Simultaneously, the 
easily hydrolyzable and non-hydrolyzable phos- 
phorus fractions of the fetal cells decreased sig- 
nificantly less, and the difficultly hydrolyzable 
phosphorus decreased appreciably more than in 
the erythrocytes of adults. 

Average values. Comparison of the average 
values presented in Table I reveals that the in- 
organic phosphorus fraction (124M) of fresh 
erythrocytes from cord blood is significantiy higher 
than the inorganic phosphorus level (65M) of 
the fresh cells of adults (p < 0.001), and the easily 
hydrolyzable phosphorus fraction in the erythro- 
cytes of cord blood is significantly lower (p = 
0.02). After storage the relationship of the in- 
organic phosphorus (9344%M) of the fetal cor- 


TABLE I 


Comparison of the changes during storage of the phosphate — of erythrocytes from 
normal cord blood and from normal ad 


Days 


Blood Number of 


P/100 ml. cells 


stored 


sample individuals at 4°C Pi* 


EH DH Non-H Total 


14 0 124f 


934 
(734-1,372) 
+810 


Normal 
cord 10 


Difference 


1,380 
(900-2018) 


(1,066-1,861) 
+170 


142 
(31-266) 
41 
(0-138) 

—101 


837 
(376-1,424) 
350 
(88-588) 
—487 


277 
(189-431) 
225 
(185-288) 

—52 


65 
(41-82) 
692 
(632-767) 
+627 


Normal 
adult 


Difference 


359 
(278-432) 
218 
(198-264) 
—141 


113 
(98-137) 
82 
(28-156) 


1,167 
(950-1,239) 
437 
(377-547) 

—730 


1,703 
(1,448-1,840) 
1,430 
(1,324-1,500) 
—273 


p values of 


differences = 0.025 


<0.001 


= 0.01 


= 0.005 


> 0.90 


*P;, EH, DH, and Non-H = inorganic, easily hydrolyzable, difficultly hydrolyzable, and non-hydrolyzable phos- 


phate, respectively. 
+t Numbers not in parentheses represent means. 
Numbers in parentheses represent ranges. 


bs 
1405 
Fraction* pairs 
P; 96 
EH 94 
DH 93 I 
Total 94 
— = 
sf 
5 0 F 
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TABLE II 
Statistical analysis of the differences in the changes in the intra-erythrocytic ey oye fractions which developed during 


storage of normal cord blood and the blood of infants with anti- 


hemolytic disease * 


Days 
at 4°C Pit EH DH Non-H Total 
3 pt = 0.10 p = 0.70 p > 0.90 p > 0.10 p> 0.30 
7 > 0.05 < 0.05 = 0.025 > 0.50 = 0.50 
14§ < 0.005 < 0.005 < 0.01 > = 0.60 > 0.80 
21 = 0.05 < 0.001 > 0.10 > 0.30 = 0.40 


_ * Increase in Pi and decrease in EH and DH during storage was greater in the erythrocytes of infants with hemolytic 
disease. Variations in Non-H and Total phosphorus were not significant. 


t See legend, Table I. 
; oe probability value obtained from ¢. 
ore completely presented in Table III. 


puscles to that in the cells of adults (692 4M) 
remains similar (p = 0.005). Analysis of the re- 
mainder of the data reveals no significant dif- 
ferences. 


Comparison of the intra-erythrocytic phosphate 
partitioning in normal newborn infants and 
infants with anti-D hemolytic disease 


Trend during storage. The phosphate partition- 
ing in the erythrocytes from aliquots of normal 
cord blood and of specimens obtained from infants 
with anti-D hemolytic disease was studied after 
storage at 4° C for 3, 7, 14 and 21 days. The 
trend of the changes in the phosphate fractions 
was observed to be similar after varying periods 
of storage. The inorganic phosphorus in the 
erythrocytes from infants with hemolytic disease 


For calculation see methods section. 


rose significantly more rapidly than in the eryth- 
rocytes from normal cord blood. The easily hy- 
drolyzable and difficultly hydrolyzable phosphate 
fractions of the cells of infants with hemolytic 
disease decreased more rapidly than in red cells 
from normal cord blood. The data of all these 
observations are not presented. The significance 
of the progressive differences in the phosphate 
partitioning which developed during storage of 
the red cells of the two groups of infants is pre- 
sented in terms of probability values (p) in Table 
II. Representative data obtained after 14 days 
of storage at 4° C are given in more detail in 
Table ITI. 

Average values. The only significant difference 
in the phosphate partition of the fresh erythrocytes 
of the two groups of infants is the higher levei of 


TABLE III 


Comparison of the changes during storage of the phosphate partition of the erythrocytes from normal cord blood 
and infants with anti-D hemolytic disease 


Days uM P/100 mi. cells 
Pi* EH DH Non-H Total 
14 0 124 277 142 837 1,380 
Normal (73-161) (189-431) (31-266) (376-1,424) (900-2,018) 
cord 8 14 764 192 94 421 1,472 
(610-1,015) (120-258) (0-197) (48-667) (1,061-1,701) 
Difference +640 —85 —48 —416 +92 
9 0 135 389 182 804 1.510 
Anti-D hemolytic (112-152) (269-510) (117-377) (373-1,252) (1,121-2,057) 
disease 7 14 1,039 156 43 440 ,677 
(874-1,181) (11-284) (0-104) (176-747) (1,441-1,939) 
Difference +904 —233 —139 —364 +167 
p values of 
differences <0.005 <0.005 <0.01 = 0.60 >0.80 


* See legend, Table I. 
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PHOSPHATE PARTITION 


TABLE IV 
Phosphate partition of normal group O, D positive adult and fetal erythrocytes exposed to anti-D serum in vitro * 


Days 


Hours at 4°C uM P/100 ml. cells 
at following Direct 
Sample scx incubation Coombs Pit EH DH Non-H Total 


Adult—O, D positive 
—unincubated control 

—-+ anti-D, unincubated 

—incubated control 

— + anti-D, incubated 


0 - 116 72 «1,124 1,670 
0 3+ 104 292 125 1,002 1,523 
0 
0 


- 502 312 108 542 1,263 


—stored control 
—-+ anti-D, stored 


Cord blood—O, D positive 


—unincubated control 0 0 - 131 288 141 145 iguo 
—incubated control 21 0 - 639 290 0 764 1,682 
—-+ anti-D, incubated 0 


~~stored control 
—incubated, stored control 1 14 713. 133 191 529 = 1,568 
— + anti-D, incubated, stored 1 14 4+ 675 191 158 690 1,714 


* Adult erythrocytes = erythrocytes of adults. 
Fetal erythrocytes = erythrocytes from cord blood. 
t See legend, Table I. 


the easily hydrolyzable phosphorus found in the significantly elevated above that in normal cord 
infants with hemolytic disease (p < 0.005). At blood (¢< 0.005). No significance can be as- 
14 days the average inorganic phosphorus content signed to the average values for the other phos- 
of red cells from infants with hemolytic disease is phate fractions (Table III). 


TABLE V 
Regeneration of the phosphate partition with adenosine in anti-D hemolytic disease and in normal controls 


Age of 
specimen uM P/100 mi. cells 
at time of 
analysis Pi* EH DH  Non-H Total 


Sample 


Adult—control stored at 4° C for 25 days 25 days 688 131;; 347 624 1,562 
— + adenosine at 4° C after 21 days 25 days 39 368 226 924 1,558 

Cord bloodt—O, D negative 
—fresh control 0.5 hrs. 187 $51 134 491 1,163 
—incubated 23 hours at 37° C 23.5 hrs. 678 269 58 335 = 1,339 


— + adenosine at 37° C for 23 hours 


—stored 14 days at 4° C 
—stored 14 days, incubated 1 hour at 37°C 14. days 644 302 = 304 152 1,402 
—stored 14 days + adenosine at 37° C for 1 hour 14. days 253 441 333 359 = 11,386 


Cord blood—A, D positive, anti-D hemolytic disease 
—control stored at 4° C for 20 days 20 days 1,150 488 19 381 =. 2,037 
— + adenosine at 4° C after 16 days 20 days 613 424 121 330 = 1,488 


Cord blood—O, D positive, anti-D hemolytic disease 
—fresh control 0.5 hrs. 195 1,351 0 i. 43570 


—incubated 23 hours at 37° C 23.5 hrs. 1,203 53 67 295 1,619 
— + adenosine at 37° C for 23 hours 63: 


—stored 14 days at 4°C 
—stored 14 days, incubated 1 hour at 37° C 14. days 749 254 347 0 1,347 
—stored 14 days + adenosine at 37° C for 1 hour 14. days 156 $56" 266: “1,258 °° 2,235 


* See legend, Table I. 
t Maternal anti-D titer 1:32 in albumin. History of three stillbirths. 
ABO groups of all infants compatible with mothers’. 


1407 
: 
3.5 ‘ 
3.5 
0 21 ~_ 632 198 156 514 1,500 
0 21 2+ 634 200 225 565 1,623 DE 
ee 23.5 hrs. 140 484 338 410 1,371 * 
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TABLE VI 
Phosphate partition of the erythrocytes in other forms of iso-immune hemolytic disease of the newborn 


Direct 


uM P/100 mi. cells 


Age of 

Sample specimen Coombs Pi* EH DH Non-H Total 
Anti-c hemolytic disease 
Infant 3 hrs. of age fresh 3+ 260 339 121 484 1,204 
Blood stored at 4° C 20 days 3+ 1,445 195 186 393 2,219 
Anti-B hemolytic disease 
Infant 5 hrs. of age fresh (+) 149 230 245 435 1,059 
Blood stored at 4° C 15 days weak 999 286 129 422 1,835 
Anti-A hemolytic disease 
Infant 18% hrs. of age fresh 1+ 103 329 151 1,340 1,922 
Blood stored at 4° 14 days (+) 765 362 168 230 1,525 


* See legend, Table I. 


The phosphate partition of the red cells of 11 
normal infants and four with hemolytic disease 
was studied after incubation in vitro for one to 24 
hours. The appearance of the alterations in phos- 
phate partition was accelerated. The trend was 
toward higher inorganic phosphorus values in the 
infants with hemolytic disease, but the data are 
not sufficiently extensive to permit analysis. 


Effect of anti-D antibodies added in viiro 


Representative data from experiments in which 
the blood of D positive adults and infants was ex- 
posed to the action of incomplete (blocking) anti-D 
antibodies in vitro are shown in Table IV. Con- 
trol studies were also performed using the cord 
blood of an Rh negative infant. Under the con- 
ditions employed, the action of the antibodies in 
vitro does not appear to have had any significant 
effect on the phosphate partitioning of the erythro- 
cytes. 


Reversal of the biochemical changes by adenosine 


Adenosine was effective in reversing the altera- 
tions in phosphate partition produced by storage 
or incubation in the red cells of normal infants and 
infants with hemolytic disease. Representative 
data are given in Table V. 


Observations in other varieties of iso-immune 
hemolytic disease 


Phosphate partition studies of the red cells of 
infants with anti-c, anti-A, and anti-B hemolytic 
disease which were encountered during the period 
covered by this study are presented in Table VI. 


The blood specimens from these babies became 
available because they required treatment with 
replacement transfusions. The need for therapy 
became apparent in the infant with anti-A hemo- 
lytic disease because of rapidly deepening jaundice 
during the first day of life. The clinical and lab- 
oratory findings in the infant with anti-B hemolytic 
disease warranted transfusion treatment right after 
birth. In these two infants approximately 34 per 
cent and 83 per cent of the red cells appeared to be 
spherocytes (i.e., cells having increased thickness 
/diameter ratio) in stained blood smears. 

The increase in the easily hydrolyzable phos- 
phorus after storage of the red cells of the infants 
with anti-A and anti-B hemolytic disease is an un- 
expected finding for which no suitable explanation 
can be given at present. 


DISCUSSION 


Many differences have been recorded between 
the erythrocytes of cord blood and those of adults. 
At the time of birth the red corpuscles are macro- 
cytic and fetal hemoglobin predominates. At least 
a proportion of the fetal red cells at term have de- 
creased osmotic and increased mechanical fragility 
(40). Sjdlin (41) has shown that the erythro- 
cytes from cord blood lose potassium more rapidly 
than those of adults when stored at 4° C. He be- 
lieves that the structure of the fetal red cell mem- 
brane may be different. Hollingsworth (42) re- 
ported that the erythrocytes of cord blood have a 
shortened post-transfusion survival. The present 
study demonstrates that the phosphate partition of 
the red cells from fresh cord blood differs from 
that of the fresh red cells of adults. After storage 
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at 4° C the changes in the phosphate partition of 
the erythrocytes are not the same in cord blood 
as they are in the blood of adults (Table 1). 

It is possible that the deviations in the phosphate 
partition of fresh fetal cells are due to extrinsic 
factors such as the anoxia and acidosis at birth, 
and the anesthesia administered during labor. It 
is unlikely that the elevated leukocyte and reticu- 
locyte counts present in the specimens used in 
these studies affected the phosphate partitioning 
in the erythrocytes to a significant degree. It has 
been demonstrated by others that leukocyte levels 
do not have any appreciable effect on the phos- 
phate partition of erythrocytes (13). The same 
investigators reported higher values for the aden- 
osine polyphosphates and 2,3-diphosphoglycerate 
in fresh reticulocyte-laden blood, but could not 
find any difference in the progression of the 
changes in phosphate partitioning during storage 
(13). The white cells degenerate during the 
storage of blood collected with ACD preservative, 
and do not contribute to the glycolytic activity of 
stored blood (15). The buffy layer of each speci- 
men used in this study was removed when the 
specimens were washed. 

The easily hydrolyzable phosphoru: fraction in 
the fresh erythrocytes of infants with anu-D hemo- 
lytic disease was found to be higher than in nor- 
mal infants (Table III). During storage the 
changes in phosphate partitioning in the erythro- 
cytes of infants with hemolytic disease were found 
to differ quantitatively from those in normal in- 
fants (Tables II and III). 


compounds play a major role, is probably altered 
in the erythrocytes which are coated by anti-D 
antibodies. The effect of adenosine in restoring 
the phosphate distribution in these cells toward 
normal parallels observations which have been 
reported in hereditary spherocytosis (25-27). 
The evidence that the reaction between the anti- 
gens and antibodies in the ABO blood group sys- 
tem is exothermic may have some bearing on the 
results of the experiments which have been pre- 
sented (43). The attachment of anti-D antibodies 
to the receptors on fetal red cells has been assumed 
to be the most important factor in the production 
of this form of hemolytic disease. It remains to be 
shown why the clinical severity of the hemolytic 
disease is not regularly correlated with the height 
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This indicates that 
the glycolytic metabolism, in which the phosphate 
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of the maternal titer or the degree to which the 
fetal erythrocytes are coated with antibodies (44). 
Previous attempts to solve this problem have not 
been fruitful. Morphologic changes in the red 
cells are not evident. Spherocytosis is rarely 
present in uncomplicated anti-D hemolytic dis- 
ease, and the osmotic fragility is only slightly in- 
creased, whereas the mechanical fragility is within 
normal limits (40). Variations of complement 
ievel in vivo are probably not a determining fac- 
tor (45). It is suggested that variations in the 
metabolic mechanisms, which determine the intra- 
cellular phosphate relationships, might supply the 
answer to this vexing problem. The limited num- 
ber of patients studied precludes any conclusions 
at this time even though there seems to be a 
superficial correlation between clinical severity and 
the degree of upheaval of the intracorpuscular 
phosphate relationships. It is not unlikely that 
similar alterations in the intra-erythrocytic phos- 
phate partition occur in other varieties of iso- 
immune hemolytic disease of the newborn. 


SUMMARY 


The phosphate partitioning of the erythrocytes 
of normal cord blood and of infants with hemolytic 
disease of the newborn has been investigated. 

The inorganic phosphate fraction of fresh red 
cells from normal cord blood was found to be 
higher and the easily hydrolyzable phosphorus 
fraction lower than in the cells of adults. Sig- 
nificant differences in the alteration of the phos- 
phate partitioning of these erythrocytes were dem- 
onstrated during storage at 4° C. 

A higher level of easily hydrolyzable phos- 
phorus was found initially in the erythrocytes of 
infants with anti-D hemolytic disease than in nor- 
mal cord blood. During storage the changes in 
phosphate partitioning in the erythrocytes of the 
infants with hemolytic disease were found to differ 
from those in normal infants. 
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THE PRESSOR EFFECT OF THE ANTIDIURETIC PRINCIPLE OF 


THE POSTERIOR PITUITARY IN ORTHOSTATIC 


Although the antidiuretic property of posterior 
pituitary extracts is well established, investigators 
have repeatedly failed to demonstrate a pressor 
effect of these substances in man (1, 2). Con- 
sequently, the hemodynamic effects of posterior 
pituitary hormones have received relatively little 
attention. However, it is known that posterior 
pituitary extracts do produce an increase in ar- 
terial pressure after injection into anesthetized or 
spinal animals (3,4). The purpose of this report 
is to present observations on a disease state in man 
in which it was found that posterior pituitary hor- 
mones have a marked effect on arterial pressure. 


DESCRIPTION OF PATIENTS 


The three patients under investigation had postural 
hypotension, hypohidrosis, and impotence, a clinical syn- 
drome first described by Bradbury and Eggleston (5). 

Patient H. C. (NIH No. 01-16-06) was a 55-year-old 
former maintenance man. Ten years prior to his ad- 
mission he began to tire easily. Several months after 
the onset of these symptoms, the patient had a right 
inguinal herniorraphy under spinal anesthesia. Follow- 
ing operation, he noted the sudden onset of symptoms re- 
lated to orthostatic hypotension, impotence and cessation 
of sweating in the Jower half of his body. Since then 
his disease has been progressive both symptomatically 
and by objective measurements. 

Patient B. B. (NIH No. 01-19-93) was a 66-year-old, 
retired sea captain. Approximately 15 years ago, a 
gradual diminution of sweating occurred. Ten years 
prior to admission, he noted the onset of symptoms of or- 
thostatic hypotension during exposure to high environ- 
mental temperatures. His symptoms of heat intolerance, 
weakness and syncope progressed until one year ago he 
was forced to retire. 

Patient W. A. (NIH No. 00-08-52) was a 66-year- 
old economist. Eighteen years ago the patient had the 
sudden onset of severe postural hypotension and im- 
potence. He stated that he has sweated less than other 
persons throughout his life. Subjectively, he believes 
that his symptoms have progressed. He had, however, 
been able to maintain an office job throughout his illness. 


1 Presented before the 48th Annual Meeting of the 
Society for Clinical Investigation, Atlantic City, N. J., 
April 30, 1956. 
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Patients H. C. and W. A. were usually normotensive 
in the recumbent position. Patient B. B. was usually hy- 
potensive when recumbent, with pressures in the range 
of 80/60 mm. Hg. Arterial pressures, however, varied 
greatly with activity and bodily position. In none of the 
patients was there evidence of diabetes mellitus, amyloido- 
sis, general debility, syphilis, Addison’s disease or any 
somatic neurological disorder. 

In all three patients graded passive tilting in the 
head-up position from 5 to 40 degrees resulted in a pro- 
gressively lowered arterial pressure, with mild or no 
associated symptoms. In all patients, passive tilting 
greater than 45 degrees resulted in weakness, drowsiness, 
blurring of vision, inability to speak and syncope within 
several minutes. Arterial pressures fell to levels unob- 
tainable by sphygmomanometry. 

Following the fall in arterial pressure associated with 
passive tilting, a characteristic “overshoot” of the pressure 
to levels higher than the baseline pressure occurred after 
the patients resumed the recumbent position. Following 
the Valsalva maneuver, in none of the patients was there 
the normal “overshoot” of the arterial pressure to levels 
higher than the baseline (6). 

In patient W. A., an increase of pulse rate of 15 to 20 
beats per minute occurred on standing, passive tilting, 
and during the Valsalva maneuver. In patients H. C. 
and B. B., no increase in pulse rate occurred with the 
fall in arterial pressure associated with standing, passive 
tilting or the Valsalva maneuver. However, during 
hospitalization nine years ago patient H. C., on standing, 
developed a tachycardia together with a marked fall 
in arterial pressure. 

In all three patients there was supersensitivity to the 
pressor effect of norepinephrine. A rise in systolic ar- 
terial pressure to levels of 180 to 220 mm. Hg occurred 
with intravenous infusions of less than one microgram per 
minute of Levophed®. In all patients, atropine in doses 
up to 4 mgm. subcutaneously failed to alter the pulse 
rate. 


METHODS AND MATERIALS 


During acute studies, arterial pressures were recorded 
through an indwelling brachial or femoral arterial needle 
by means of a Statham P 23 A pressure transducer and 
a Sanborn direct writing oscillograph. Cardiac output 
was measured by direct Fick principle with the tech- 
nique of right heart catheterization. Blood gases were 
analyzed by the method of Van Slyke and Neill (7). 
Expired gases were analyzed with a Beckman Oxygen 
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Analyzer, Model E-2, and a Cambridge Carbon Dioxide 
Analyzer. Effective renal plasma flow was measured 
by means of the renal clearance of para-aminohippurate 
(8). Glomerular filtration rate was measured by means 
of the clearance of inulin (9). Urine was collected by 
means of an indwelling six-hole rubber urethral catheter. 
At the beginning and end of each collection period, the 
bladder was emptied with 40 ml. of air unless the urine 
volume was greater than 10 ml. per minute. During the 
studies in which antidiuretic hormone was administered, 
2% to 5 per cent mannitol was infused in an effort to 
maintain urine volume. The duration of the urine col- 
lection periods varied from 15 to 60 minutes. 

Total peripheral vascular resistance was calculated ac- 
cording to the formula: 


Peripheral resistance (dynes sec. cm.~*) = 
1332 (Mean femoral arterial pressure — 
Mean right atrial pressure) 
Cardiac output (ml./sec.) 


The following posterior pituitary preparations were 
used: highly purified vasepressin and oxytocin,? whole 
posterior pituitary powder, Pitressin® and Pitressin® 
Tannate in Oil. The purified vasopressin had a concen- 
tration of 85 pressor units per milliliter and contained no 
oxytocin by amino acid analysis. The purified oxytocin 
had a concentration of 400 units per milliliter expressed 
as oxytocic units. It possessed approximately 1/1,000 of 
the antidiuretic activity of the purified vasopressin when 
studied in four normal persons in the hydrated state. 


RESULTS 
1. Effect of posterior pituitary hormones 
Normal subjects. Six normal subjects, ages 18 
to 21, were given intravenous infusions of 3.4 to 


2 We are indebted to Dr. Vincent du Vigneaud who 
supplied the highly purified vasopressin and oxytocin. 
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15.7 units of Pitressin® in saline per hour for a 
two-hour period. During control studies, on an- 
other day, an equal volume of saline was infused 
at the same rate (3 to 4 milliliters per minute). 
As observed by previous investigators (1, 2), in- 
fusion of Pitressin® had no significant effect on 
the arterial pressures of these subjects. Single 
intravenous injections of 500 to 1,000 mU of 
Pitressin® in 8 normal subjects resulted in a transi- 
ent elevation of arterial pressure averaging 15 mm. 
Hg systolic and 18 mm. Hg diastolic, generally 
lasting 3 to 5 minutes. 

Patients with orthostatic hypotension. Adminis- 
tration of Pitressin® and highly purified vaso- 
pressin to the patients in the recumbent position 
resulted in an immediate rise in systolic and dia- 
stolic arterial pressure in all three patients. The 
immediate response to a single injection of 100 
mU of vasopressin intravenously in patient H. C. 
is illustrated in Figure 1. The elevation of the 
arterial pressure was related to the dose injected. 
Figure 2 shows the effect of graded intravenous 
infusions of 1 to 20 mU per minute of highly puri- 
fied vasopressin on the arterial pressure of pa- 
tient W. A. 

Patients H. C. and W. A. had a significant rise 
of brachial arterial pressure when given one milli- 
unit per minute of vasopressin by continuous in- 
fusion, and following a single intravenous injection 
of 10 milliunits. Patient B. B. had no elev-tion of 
arterial pressure with one milliunit per minute for 
15 minutes, but a rise of 100 mm. Hg systolic when 
infused with 10 milliunits per minute for 10 min- 
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VASOPRESSIN BY CONTINUOUS INFUSION 
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utes. In each patient, arterial pressures in the hy- 
pertensive range were observed following the 
intravenous injection of 1,000 mU of purified vaso- 
pressin. The patients had a rise in arterial pres- 
sure to sustained hypertensive levels exceediag 
170/100 mm. Hg when the following preparations 
were administered during recumbency : whole pos- 
terior pituitary powder by nasal inhalation, Pitres- 
sin® by subcutaneous injection, and Pitressin® 
Tannate in Oil intramuscularly. Table I shows 
the brachial arterial pressures in each patient fol- 
lowing single intravenous injections of vasopressin. 

The effects of oxytocin, the second polypeptide 
of the posterior pituitary, were also studied. In 
eight normal subjects intravenous infusion of 10 


TABLE I 


Effect of single intravenous injections of vasopressin and 
oxytocin on the brachial arterial pressure of patients 
with primary autonomic insufficiency 


Vasopressin 


Average arterial pressure 0-20 minutes after single 
intravenous injection of vasopressin 


Patient Control 10 mU 100 mU 1000 mU 

om 96/70 128/76 158/96 200/130 

B. B. 120/98 134/110 152/130 164/136 

W.A. 94/58 104/65 126/80 170/110 
Oxytocin 


Lowest arterial pressure after single intravenous 
injection of oxytocin 


Patient Control 1000 mU 
H.C. 138/110 65/45 
B. B. 100/76 48/34 
W.A. 102/70 50/38 


IN PATIENT 


to 20 units of purified oxytocin per hour for two 
hours had no significant effect on the arterial 
pressure. Highly purified oxytocin had a marked 
but transient depressor effect followed by a period 
of hypertension when administered intravenously 
to all three patients in the recumbent position. 
The depressor effect of one unit of oxytocin on 
one of the patients is illustrated in Figure 3. 
Table I shows the arterial pressure resulting from 
a single intravenous injection of one unit of oxy- 
tocin in each of the patients. 


2. Mechanism of the pressor effect of vasopressin 


Effect on cardiac output and total systemic vas- 
cular resistance. Having demonstrated a pressor 
effect of vasopressin, an attempt was made to de- 
termine if the effect was related to an increase in 
cardiac output, an increase in peripheral resistance, 
or both. 

In two of the patients, H. C. and B. B., cardiac 
output and femoral arterial pressure were meas- 
ured in the recumbent position before and follow- 
iag the administration of vasopressin. Table II 
summarizes the results of these studies. No sig- 
nificant change in the cardiac output occurred in 
association with a marked rise in femoral arterial 
pressure. Total peripheral vascular resistance in- 
creased from 1,670 to 2,515 dyne sec. cm.-* in pa- 
tient H. C., and from 1,350 to 1,975 dynes sec. 
cm.~* in patient B. B. 

Effect on glomerular filtration rate, effective 
renal plasma flow, and renal vascular resistance. 
In view of the hemodynamic effects oi vasopressin 
in these patients, an effort was made to determine 
its possible renal vascular activity. Table III 


i 
1414 
Be CONTROL ImU/MIN. 3mU/MIN. 
alt 
€ 
ey 
{ 
4 


POSTERIOR PITUITARY HORMONES IN ORTHOSTATIC HYPOTENSION 


OXYTOCIN 


65: 160 
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shows the results of a study on patient B. B. It 
can be seen that there was a fall of the effective 
renal plasma flow in association with a rise of the 
systemic arterial pressure evidencing an increase in 
renal vascular resistance. The glomerular filtra- 
tion rate was not changed, indicating an increase 
in filtration fraction. In other studies of patient 
B. B., and in patients H. C. and W. A., there were 
similar depressions of the effective renal plasma 
flow, with a rise in the filtration fraction in asso- 
ciation with vasopressin administration. Thus, in 
each patient renal vascular resistance increased in 
association with the arterial pressure rise following 
vasopressin administration. 

Effect on pulmonary arterial pressure. In two 
patients studied, a significant elevation of the pul- 
monary arterial pressure occurred subsequent to 
vasopressin administration. The results are shown 
in Table IT. 

Effect of ganglionic blockade on response to 
vasopressin. Four persons without evidence of 


TABLE II 
Effect of vasopressin infusion on cardiac index, systemic and pulmonary arterial pressures and systemic resistance 
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BRACHIAL ARTERY PRESSURE FOLLOWING THE SINGLE INTRAVENOUS INJECTION OF ONE 
Unit oF Oxytocin Patient H. C. 


orthostatic hypotension were given intravenous in- 
jections of the ganglionic blocking agent, tetra- 
ethylammonium chloride (TEA). In these per- 
sons, vasopressin had not previously had a signifi- 
cant pressor effect when injected intravenously. 
However, when vasopressin was administered 
subsequent to ganglionic blockade, a pressor re- 
sponse occurred in each subject. This rise in ar- 
terial pressure did not occur following control in- 
jections of TEA alone. The results of these stud- 
ies are seen in Table IV. 


DISCUSSION 


The three patients studied had severe postural 
hypotension, hypohidrosis and impotence, a clini- 
cal syndrome distinct from the postural hypoten- 
sion associated with general debility, diabetes 
mellitus, amyloidosis, Addison’s disease and vari- 
ous neurological disorders. Involvement of the 
sympathetic nervous system of these patients is 


Femoral Pulmonary 


art. press. art. press. 
mm, Hg mm, Hg 
O2 Con- Cardiac Systemic 
sumption index Syst./ resistance Syst./ 
Pt. State ml./min./m* L./min./m? Diast. Mear dynes sec. cm.~§ Diast. Mean 
Control 1 121 2.05 96/68 78 1,665 17/10 12 
H.C Control 2 115 2.14 102/70 81 1,670 16/9 12 
; Vasopressin* 
infusion 128 1.95 134/90 110 2,515 22/15 18 
Control 107 2.85 103/70 84 1,350 21/8 12 
B. B. Vasopressint 
infusion 124 2.69 145/89 110 1,975 28/15 19 


*1 mU/minute. 
¢ 3 mU/minute. 
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TABLE III 
Effect of vasopressin on renal function and arteriai pressure* 


Patient B. B. 


Time 
9:05 Infusion of 24% mannitol containing 20 mgm./minute inulin and 10 mgm./minute PAH at a rate 
of 8.6 ml./minute begun. 
Renal 
vascular 
Urine Blood Length of resistance 
volume pressure period Cran Cin dyne sec. cm.~* 
Time ml/min mm. Hg min, mi./min, ml/min. F.F. x10-% 
10:30 5.4 79/56 15 323 60 0.186 10.3 
10:45 7.5 106/74 15 346 75 0.216 13.3 
11:00 7.3 106/70 15 323 78 0.242 12.7 
11:00 Subcutaneous injection of 5 units of vasopressin 
11:15 4.7 160/96 294 57t 
11:45 2.3 170/100 30 204 68 0.333 315 
12:05 3.2 164/94 20 222 75 0.338 27.5 
12:25 3.9 164/92 20 197 69 0.350 30.7 


* Cin = Inulin clearance. 
Cpan = Para-aminohippurate clearance. 
F.F. = Filtration fraction. 


+ These data have been discarded. Volume changes occurred that made accurate determinations of inulin and 


PAH impossible because of delay time and dead space. 


indicated by the diminished sweating, postural hy- 
potension and absence of hypertensive ‘‘overshoot” 
following Valsalva maneuver (10). However, all 
features of the syndrome cannot be explained by 
a lesion of the sympathetic nervous system only. 
Abnormalities of the parasympathetic nervous sys- 
tem in all three patients were suggested by: 1) the 
failure of atropine to alter the pulse rate; 2) the 
absence of bradycardia during administration of 
norepinephrine and neostigmine; 3) the lack of 
effect on the pulse rate and arterial pressure of 
carotid sinus massage; 4) the inability to have 
erections; 5) the failure of hypoglycemia to pro- 
duce an increase in gastric acidity.’ Thus, this 


3 The hypoglycemia study was conducted in only two 
patients. 


disease, which may be called Primary Autonomic 
Insufficiency, appears to be diffuse, involving por- 
tions of the parasympathetic as well as the sympa- 
thetic nervous system. The syndrome in our three 
patients is most closely simulated in normal man 
by ganglionic blocking agents. 

In these patients with diffuse autonomic nervous 
system disease, vasopressin in very small doses 
resulted in a pressor response and significant he- 
modynamic changes. Since one milliunit per min- 
ute of vasopressin approaches the physiologic 
range of antidiuretic hormone secretion (11), it 
is possible that endogenous antidiuretic hormone 
may have a significant hemodynamic effect. At- 
tempts to evaluate the hemodynamic effects of 
endogenous antidiuretic hormone have thus far 


TABLE IV 
Effect of vasopressin on arterial pressure during ganglionic blockade * 


Average B.P. 
Average B.P. Average B.P. 5-20 min. 
0.5-—20 min. 5-20 min after 
after after 500 mU 
Control mgm Control 500 mU Control Pitressin ® 
Subject B.P. TEA LV. B.P. Pitressin ® [.V. B.P. after TEA 
vi 120/80 118/79 130/85 125/94 122/80 158/108 
G. E. 106/58 101/61 120/64 131/82 110/64 138/102 
M.G. 132/80 128/80 132/82 140/87 132/82 156/106 
M. U. 180/90 183/95 170/80 170/82 188/92 228/110 


* The administration of Pitressin® alone, tetraethylammonium chloride (TEA) alone, and Pitressin® administered 
5 minutes after TEA was observed on separate occasions. 


at one-minute intervals. Control periods were at least 20 minutes. 


Arterial pressures were measured by sphygmomanometry 


4 
| 
| Vs 
| 
¥ 
H 


POSTERIOR PITUITARY HORMONES IN ORTHOSTATIC HYPOTENSION 


been unsuccessful in these patients. Administra- 
tion of nicotine acid tartrate (12) failed to elicit 
any antidiuretic response. Changes in plasma 
osmolality (as in dehydration) resulted in extra- 
cellular fluid volume changes which in themselves 
were associated with pronounced effects on sys- 
temic arterial pressure ir these patients. 

The pressor activity of vasopressin in these pa- 
tients is possibly related to supersensitivity of the 
vascular smooth muscle (12, 13) and/or the dimi- 
nution of normal vasoregulatory reflexes which 
may counteract the vasoconstricting effect of 
vasopressin in normal persons. The impor- 
tance of the latter factor is suggested by the find- 
ing that these patients have an exaggerated ar- 
terial pressure response to various vasoactive 
substances, such as norepinephrine and oxytocin. 
The fact that plasma volume changes, such as 
those associated with rapid withdrawal of blood 
and intravenous infusions of albumin and saline, 
have marked effects on the arterial pressure also 
supports the concept that vasoregulatory mecha- 
nisms are markedly deficient. 

A number of workers have shown that the 
pressor action of epinephrine, norepinephrine, 
angiotonin and renin is greatly increased after 
ganglionic transmission is blocked by tetraethylam- 
monium chloride (14, 15, 16). The present ob- 
servations of the pressor action of vasopressin in 
the absence of normal function of the autonomic 
nervous system suggest that autonomic nervous 
system activity may normally condition the hemo- 
dynamic response to the antidiuretic principle of 
the posterior pituitary as well as to these other 
substances. The present studies revealed that 
vasopressin has a pressor effect when given to 
normal man during chemical ganglionic blockade. 

The finding that vasopressin has a marked pres- 
sor effect in patients with this type of postural 
hypotension led to an evaluation of the therapeu- 
tic value of vasopressin in these patients. Pitres- 
sin® Tannate in Oil has been repeatedly adminis- 
tered to one patient. Following his morning injec- 
tion he obtained complete relief of his postural 
symptoms throughout the entire day. 

The other two patients have obtained less but 
definite subjective and objective relief of hypoten- 
sive symptoms following intramuscular Pitressin® 
Tannate in Oil and whole posterior pituitary 
powder by nasal inhalation. In all patients dur- 
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ing vasopressin therapy, a postural fall in arterial 
pressure was still noted, but, in contrast to the 
untreated state, the pressure did not fall to levels 
associated with symptoms. No effect on impo- 
tence or anhidrosis was observed. 

Two potential complications of vasopressin in 
therapy must be considered. In patients with 
coronary artery disease, vasopressin in large doses 
may result in myocardial ischemia. In our patients 
no electrocardiographic changes occurred, nor 
was there any clinical evidence of angina pectoris. 
Nevertheless, this potential hazard of the use of 
vasopressin must be emphasized (17). A second 
possible complication is water intoxication which 
can be avoided by restricting fluid intake. 


SUMMARY 


1. Three patients with the syndrome of idio- 
pathic postural hypotension, hypohidrosis and 
impotence were studied. 

2. Although antidiuretic substances from the 
posterior pituitary had no significant effect on the 
arterial pressure of normal man, administration of 
various posterior pituitary hormones to these pa- 
tients had a pronounced effect on systolic and dia- 
stolic arterial pressures. 

Hypertension in the recumbent position was 
produced in all patients by whole posterior pitui- 
tary powder administered by nasal insufflation, 
intra-muscular injection of Pitressin® Tannate in 
Oil, and subcutaneous and intravenous adminis- 
tration of highly purified vasopressin. Adminis- 
tration of purified oxytocin resulted in marked 
but transient hypotension. 

3. In the two patients studied, the pressor re- 
sponse was produced by an increase in peripheral 
vascular resistance without significant change in 
the cardiac output. Vasopressin resulted in a 
significant increase in pulmonary arterial pressure 
and in renal vascular resistance. 

«. In normal subjects the administration of 
vasopressin subsequent to ganglionic blockade 
with tetraethylammonium chloride resulted in a 
significant elevation of arterial pressure. 

5. Vasopressin has been of value in the manage- 
ment of orthostatic hypotension of this type. 
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Addendum 


Since preparation of this manuscript, the observations 
of the marked pressor effect of vasopressin have been 
confirmed in two additional patients with the syndrome 
of primary autonomic insufficiency. 
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RHEOLOGIC STUDIES ON SYNOVIAL FLUID 
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The relative viscosity of normal and pathologi- 
cal synovial fluids fluctuates over a wide range, 
and has been studied for a considerable period. 
The older literature is covered by Kling (1), and 
the more recent by Ropes and Bauer (2) and by 
Sundblad (3). Early investigators established, 
by precipitation reactions with acetic acid, that 
the high viscosity was due to a “mucin,” assumed 
to be a combination of protein and carbohydrate. 
In 1939, Meyer, Smyth, and Dawson (4) identi- 
fied the polysaccharide as hyaluronic acid, and 
found it to be responsible for the high viscosity. 

Further studies revealed that solutions of hya- 
luronic acid in common with other macromolecu- 
lar substances exhibited non-Newtonian viscosity. 
Therefore, relative viscosity, heretofore the only 
viscosity factor determined, was no longer suffi- 
cient to characterize the rheological behavior of 
synovial fluid. Other types were investigated, in- 
cluding intrinsic and anomalous viscosity. 

In the following studies we describe a simple 
capillary viscometer which can be used to measure 
relative, intrinsic and anomalous viscosity. 

Results are presented of viscosity determina- 
tions in synovial fluids from normal joints of ani- 
mals and pathological effusions from various types 
of human arthritis. 


DESCRIPTION OF VISCOMETER 


Our instrument (Figure 1) is a modification of the 
capillary viscometer described by Mann (5) for meas- 
uring plasma fluidity. The Mann, like the standard 
Ostwald viscometer, cannot be used conveniently to 
measure anomalous viscosity because it is constructed to 
operate at a fixed stress. By substituting a graduated 
pipette for the volumetric pipstte suggested by Mann we 
have been able to measure the anomalous viscosity un- 
der variable stress. 

In most instances we used a one-ml. pipette, graduated 
in 0.1 ml. The length of the pipette from zero point 
to tip was about 23 cm. Other calibers and lengths of 
the pipette may be selected. The capillary consisted of a 
spinal or hypodermic needle about 10 cm. in length at- 
tached to the delivery end of the pipette. The length and 
gauge of the needle may be varied. A 20 gauge is suitable 
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for most joint fluids; a 22 gauge is preferable for fluids 
of low viscosity, and an 18 gauge for highly viscid fluids. 

The attachment of the needle to the pipette is made 
water-tight by a rubber sleeve, or by a cement seal, or 
the delivery end of the pipette may be ground so that it 
fits snugly into the hilt of the needle. 

The viscometer is filled by suction above the zero 
mark, and the upper opening of the pipette is kept closed 
with a finger. The pipette is placed in a clamp holder 
and immersed in a constant temperature bath until the 
hilt of the hypodermic needle meets the water level. The 
measurement is started by releasing the finger, and the 
rate of flow is timed between two selected points on the 
pipette, either by means of two stop watches or an elec- 
tronic recorder. Readings are made at close to room 
temperature. The water level is not appreciably altered 
by the small amount of synovial fluid which flows into the 
bath. The metal capillary adjusts almost instantaneously 
to the temperature of the water bath. Differences be- 
tween the temperature of the synovial fluid in the pipette 
and the temperature of the water bath have only a 
slight effect on the efflux time as shown in the following 
experiment : 

With the water bath temperature kept constant at 21.5° 
C the temperature of the fluid in the pipette was varied 
between 17° C and 37° C. At 17° C the average efflux 
time for 10 determinations was 15.4 seconds; at 27° C 
the average time was 15.2 seconds; at 37° C the average 
time was 14.9 seconds. In this severe test of the effect 
of the temperature of the fluid in the pipette on the 
efflux time the variations were minor over a tempera- 
ture range of 20° C. In actual practice the temperature 
of the fluid and the temperature of the water bath are 
kept close together, so that the temperature error is 
negligible. The experiment quoted was representative 
of three which gave similar results. 

If the rate of shear is measured for every 0.1 ml. of 
fluid volume, from zero to 0.9 ml., the first pressure will be 
an average of: h,—the distance from the exit point of the 
capillary to the zero point on the pipette, and h,the 
distance from the exit point of the capillary to 0.1-ml. 
mark on the pipette. 

With every drop of 0.1 ml., which corresponds to 
about 2 cm. in length on the pipette, there is a correspond- 
ing decrease in the average pressure head. The unit 
volume may be varied as well as the pressure head. This 
may be done by changing the distance between h, and h,. 

A constant temperature is maintained in the bath with 
a thermostatically controlled heating unit. It is best not to 
use a mechanical stirrer, which may disturb the water 
level and increase turbulence at the end of the capillary. 
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f If the efflux time is determined between the zero point 
and the 0.1-ml. mark on the graduated pipette, the average 
pressure head (p) for a fluid of density (d) will be: 


p= 
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A gallon jar filled with water of the desired temperature 
will keep a constant temperature for several hours. 

Repeated determinations of the efflux time vary only 
within 0.3 of a second. Proper cleaning is of great impor- 
tance because dust or other particles may partially ob- 
struct the pipette and needle and change the efflux time. 
In contrast to most capillary viscometers, cleaning is very 
easily done by attaching the pipette to a suction pump and 
rinsing with distilled water and alcohol, and drying with 
ether. The metal capillary is unbreakable. The kinetic 
energy correction is small in this viscometer, less than 
1 per cent, and has been neglected in the calculations. 

In the determination of relative viscosity in any single 
viscometer, all factors are constant except the efflux time 
and density. To obtain the relative viscosity it is neces- 
sary to compare the flow time of the solution with the flow 
time of the solvent, which in the case of synovial fluid 
is water. In our material the density of the synovial 


fluids varied from 1.012 to 1.025, with an average of 
1.019, and could be neglected. 

Based on Poiseuille’s formula, the relative viscosity of 
synovial fluids measured by our viscometer is expressed 
as: nrel = Efe: 

tw 
synovial fluid, ¢ w the flow time for water, and d is the 
density of synovial fluid. 

Any of a number of pressure heads may be selected to 
determine relative viscosity. We used an average hydro- 
static pressure of approximately 12.8 cm. of water, which 
corresponded to the 0.5-ml. and 0.6-ml. gradation on the 
pipette used in these studies. The efflux time of 0.1-ml. 
water was 2.8 seconds. The length of the capillary was 
9.9 cm., the diameter 0.29 mm. The length of the pipette 
from tip to zero point was 23.2 cm., the bore was 3 mm., 
and the temperature of the water bath was 29° C. 


Where ¢ s is the time of efflux of the 


MATERIAL AND METHODS 


Synovial fluid from normal human joints was not 
available to us. Therefore, synovial fluid was aspirated 
from the carpal joints of horses and cattle obtained from 
the packing house immediately after slaughter. After 
aspiration, the joints were opened. Fluid was used only 
from joints with grossly normal articular cartilage and 
synovial membrane. Roentgenograms showed the ar- 
ticular surfaces to be intact. Microscopic sections of the 
synovial membrane of these horses and cattle were normal, 
except that in the former, slight edema and hyperemia 
were frequently present. Pathological effusions were as- 
pirated from the knee joints of patients with rheumatoid 
arthritis, osteoarthritis (degenerative) and chronic trau- 
matic synovitis. 

Viscosity determinations were done after the fluid was 
freed from suspended cells and other particles by pro- 
longed centrifugation. If the viscosity tests could not be 
run immediately, the fluid was kept in the refrigerator at 
4° C. No changes of viscosity occurred even after pro- 
longed storage. 

The hyaluronic acid concentration was determined by 
a combination of the turbidimetric methods described by 
Meyer (6) and by Schmith and Faber (7). Ragan and 
Meyer (8) found that the turbidimetric method is satis- 
factory for the determination of hyaluronic acid in syn- 
ovial fluid. The method is based on the fact that par- 
tially depolymerized hyaluronic acid at a pH of about 4.2 
produces a colloidal suspension in the presence of serum 
protein (9). Synovial fluid was treated with a minimal 
amount of hyaluronidase to assure uniform turbidity. 
The amount used was determined by titration. Serum 
reagent was prepared by the method of Schmith and Faber 
(7), frozen, thawed out before use, and heated at 99° C 
for ten minutes as recommended by Tolksdorf, McCready, 
McCullagh, and Schwenk (10). 

The steps of the determination were as follows: 


In a test tube 
Add 0.1 ml. of synovial fluid to 0.8 ml. of 0.85 per cent 
sodium chloride 
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RHEOLOGIC STUDIES ON SYNOVIAL 


TABLE I 
Relative viscosity of synovial fluid * 


FLUID 


Diagnosis 


Species 


Viscosity 


Volume, ml. 


Range Average Range Average 


Cattle Carpalt Normal 40 2-10 5. 9-10,300 929 

Horse Carpal Normal 25 2-12 6. 4.5-119 16 

Human Knee Osteo- 87 1-120 32, 10-2,830 106 
arthritis 

Human Knee Rheumatoid 168 2-200 29. 2-83 18 
arthritis 

Human Knee Chronic a 4-90 Ey A 2-68 20 
traumatic 


synovitis 


which gave values in the range of our instrument. 


* The relative viscosity of some pathological effusions was determined by Mann and other capillary viscometers 


t This is a composite articulation of three joints in the foreleg: 1) the radio-carpal joint; 2) the intercarpal joint; 


3) the carpo-metacarpal joint. 
knee joints of animals. 


Add 0.1 ml. of hyaluronidase solution previously titrated 

Incubate at 37° C for thirty minutes 

Add 1 ml. of buffer solution pH 6 (0.1 M sodium acetate 
and 0.15 M sodium chloride) 

Add 8 ml. of diluted serum reagent made by diluting se- 
rum reagent with 0.5 M sodium acetate buffer pH 4.2 
dilution of 1:4 

Incubate at 30° C for thirty minutes and read the tur- 
bidity in a Coleman spectrophotometer at 580 myz 


Serum reagent is prepared as follows: 

Horse serum is diluted 1:10 with 0.5 M sodium acetate 
buffer pH 4.2. The pH is adjusted to 3.1 by the ad- 
dition of 4 N HCl. 

The mixture is frozen. Before use it is thawed out and 
heated at 99° C for ten minutes and then diluted 1:4 
with 0.5 M sodium acetate buffer. 


The turbidimetric method gave reproducible curves 
within 5 per cent. The turbidities disappeared after ex- 
posure to an excess of testicular and streptococcal hya- 
luronidase. The latter attacks only hyaluronic acid; 
therefore, this is evidence that hyaluronic acid and 
no other mucopolysaccharide was determined by the 
turbidimetric method. Furthermore, electrophoretic pat- 
terns of normal and pathological synovial fluids have 
shown boundaries characteristic only for mucopoly- 
saccharides of a mobility in the range of hyaluronic acid 

Total and differential cell counts, icterus index, pH, 
total protein, albumin and globulin, uric acid, bacterial 
cultures, guinea pig inoculations, serological and other 
tests were performed on part of the material. 


RESULTS 


Reiative viscosity was determined in 65 normal 
fluids from animals and 287 pathological effusions 
(Table I). The highest values, and also the 
widest range of viscosity, were obtained from the 
normal fluids of the carpal joints of cattle. Fluid 
from the carpal joints of horses showed a markedly 


These joints are equivalent to the wrist joint of humans, but are usually referred to as 
The fluids were obtained from the two proximal joints. 


narrower range and a much lower average rela- 
tive viscosity. Sundblad (3) found very low rela- 
tive viscosities from 3 to 29 in 10 fluids from nor- 
mal astragalotibial joints of horses. He ascribed 
the low values to dilution with plasma as evidenced 
by large volumes ranging from 5 to 40 ml. How- 
ever, in our material the volume in both cattle 
and horse joints was fairly small and the range 
was almost identical (2 to 10 and 2 to 12 ml.). 

Several factors must be considered to explain 
the discrepancy between the relative viscosity of 
the fluids from normal carpal joints of cattle and 
horses. First, there is an age difference. The age 
of cattle ranged from 10 months to 3 years, 
whereas the horses averaged 8 years. Second, 
edema and hyperemia in some of the synovial 
membranes of the horses have led to exudation. 
Even small dilutions of 5 per cent to 10 per cent 
can cause an enormous fall in relative viscosity, 
as first pointed out by Schneider (12). This is 
especially true of normal fluids with highly poly- 
merized hyaluronic acid. Other contributing fac- 
tors will be taken up later in the discussion. 

The relative viscosity of the pathological effu- 
sions from osteoarthritis had the widest range and 
the highest average values. On the other hand, 
the effusions in rheumatoid arthritis and chronic 
traumatic synovitis had significantly small ranges 
and lower average values. 


Intrinsic viscosity 
Intrinsic viscosity [y] is the limiting value of 


p) 


the ratio ——- at zero concentration. For the 
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calculation of the intrinsic viscosity, we used the 
derivation of Huggin’s formula originally sug- 
gested by Schulz and Blaschke (13) and employed 
by Sundblad (3) for determining the viscosity of 
synovial fluid : 


(ns p) 
c 
bl (ns 


The specific viscosity (y s p) is equal to the 
relative viscosity minus one. In this formula k’ is 
approximately constant for members of a homolo- 
gous series of polymers in a given solvent. It 
can be found experimentally by first determining 
intrinsic viscosity by extrapolation. Sundblad 
(3) reported the average value for k’ to be about 
0.16 for hyaluronic acid from normal and patho- 
logical fluid. Substituting 0.16 for k’ and knowing 
the concentration, the intrinsic viscosity may be 
determined merely by obtaining the specific vis- 
cosity. Sundblad found this to be true for specific 
viscosities of from 0.3 to 15.0. 

Thus it is possible to dilute fluids to an arbitrary 
specific viscosity below 15, and by determining 
the concentration of hyaluronic acid at that dilu- 
tion, the intrinsic viscosity may be derived from 
Sundblad’s formula. 

The results of hyaluronic acid determinations 
and the intrinsic viscosity on 54 animal and 56 
pathological effusions are given in Table II. The 
values for both intrinsic viscosity and hyaluronic 
acid concentration fluctuate in a considerable range. 
The highest average intrinsic viscosity (43.8) oc- 
curred in synovial fluid from normal carpal joints 
of cattle. The average values from the same joint 
of the horses were lower (36.1). For the patho- 
logical effusions, the average intrinsic viscosities 
in osteoarthritis (35.9) and in traumatic synovitis 
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(33.3) were higher than in rheumatoid arthritis 
(29.1). Since the intrinsic viscosity reflects the 
mean polymerization, it is observed that the most 
highly polymerized hyaluronic acid was found in 
the normal synovial fluid from cattle, and the 
lowest in effusions from rheumatoid arthritis. 

The fluids of the normal carpal joints of the 
cattle show a high average hyaluronic acid con- 
centration (200 mg. per cent), while in the same 
joint of the horses the values were lower (136 mg. 
per cent). Sundblad (3) gives the following val- 
ues for 11 normal calves: volume one to three ml., 
hyaluronic acid concentration 193 mg. per cent. 
This is in the range of our own values of the joints 
in young cattle. Only in one ox did Sundblad find 
a low value of 45 mg. per cent. The volume of the 
fluid here was high, namely, 30 ml. 

In osteoarthritis the average concentration of 
hyaluronic acid (214 mg. per cent) is greater than 
in rheumatoid arthritis and chronic traumatic 
synovitis (158 mg. per cent and 148 mg. per cent, 
respectively). Higher concentrations of hyalu- 
ronic acid in osteoarthritis than in rheumatoid 
arthritis were also found by Fletcher, Jacobs, and 
Markham (14). Sundblad (3), on the other 
hand, reported the concentration of hyaluronic acid 
in osteoarthritis to be similar to that in rheuma- 
toid arthritis. 


Anomalous viscosity 


Anomalous viscosity of synovial fluid has been 
investigated with the Couette viscometer by 
Fessler, Ogston, and Stanier (15), or with the 
horizontal capillary viscometer with or without 
manostat controlled pressure by Johnston (16), 
Scott Blair, Williams, Fletcher, and Markham 
(17), and Sundblad (3). Ostwald and Auer- 
bach (18) have shown that anomaly can be meas- 


TABLE II 
Intrinsic viscosity and hyaluronic acid concentration of synovial fluid 


Concentration 


Intrinsic hyaluronic acid 


Species Joint Diagnosis No. viscosity mg. % 
Cattle Carpal Normal 30 43.8 + 3.9* 200 + 57 
Horse Carpal Normal 24 36.1 +: 7.8 136 + 77 
Human Knee Osteoarthritis 16 35.9 + 8.7 214491 
Human Knee Rheumatoid 32 29.1 + 5.4 158 + 60 
Human Knee Chronic | 8 33.3 + 8.4 148 + 86 

traumatic 
synovitis 


* Standard deviation. 
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ANOMALOUS VISCOSITY 


The relative viscosity varies with the hydrostatic pressure forcing the 
liquid through the capillary. The lower three curves are of synovial fluid 


from patients with rheumatoid arthritis. 
ovial fluid from patients with osteoarthritis. 
increase in anomalous viscosity with increasing relative viscosity. 


ured accurately in a vertical capillary viscometer, 
using gravity alone or with added pressure to 
vary the stress. Zamboni (19) has demonstrated 
that the peak of anomaly for extracts of “mucin” 
from synovial fluid and umbilical cord occurs at 
hydrostatic pressures below 10 cm. of water. The 
dimensions of both the capillary and the pipette 
employed in our instrument fall within the range 
generally regarded as satisfactory for viscosity 
measurements of hyaluronic acid. 


The upper five curves are of syn- 
The curves demonstrate the 


In our viscometer, anomaly is measured by vary- 
ing the hydrostatic pressure. As the height of the 
column of fluid falls, the hydrostatic pressure de- 
creases and the relative viscosity increases. The 
gradations on the pipette of our viscometer cor- 
respond to 0.1 ml. in volume. For the whole 
pipette, which holds one ml., there are ten possible 
points at which the efflux time can be measured. 
We have read the points corresponding to 0.1 ml., 
0.2 ml., etc., down to 0.9 ml. The greatest ac- 
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curacy lies in the efflux time readings between the 
points on the pipette corresponding to 0.3 ml. and 
0.8 ml. If we plot flow time for this series of con- 
secutive points converted into centimeters of wa- 
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ter pressure by measuring the height of the column, 
the resulting curve is indicative of the rate of in- 
crease of the anomalous viscosity (Figure 2). 
This curve is dependent upon two variables, the 


PER CENT DILUTION 
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The reference point is the log 1.2 for the re 
(corresponding to a pressure of 170 mm. of 


ples give the same anomaly factor (0.15). 


LOG OF THE RELATIVE VISCOSITY 


relative viscosity is then found on the curve for the 8th point of stress (corresponding 
to a pressure of 85 mm. of water). The difference between the logs of the relative 
viscosities at the two points of stress is the anomaly factor. In the figure the dotted 
line indicates this difference. Samples “A” and “B” are identical in polymerization, 
but “B” contains half the concentration of hyaluronic acid of sample “A.” Both sam- 
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concentration and polymerization of hyaluronic 
acid in the synovial fluid. For the anomaly to re- 
flect the degree of polymerization alone, the effect 
of concentration of hyaluronic acid must be 
eliminated. 

Our method for doing this is based on the fact 
that the logarithms of the relative viscosities of a 
series of dilutions of synovial fluid give nearly a 
straight line when plotted against per cent dilu- 
tion. If this is done for two different points of 
stress on our viscometer, two straight lines result 
which converge near the point of infinite dilution. 
We have arbitrarily chosen the logarithm of one 
particular relative viscosity at one point of stress 
as a reference point. The increase in the viscosity 
which occurs at a second point of stress for the 
same dilution is indicative of the increase in the 
degree of anomaly. To illustrate that this occurs 
independent of the concentration, we have tested 
two samples of fluid (Figure 3). One fluid has 
been diluted to 50 per cent of the concentration 
of hyaluronic acid of the first. The degree of 
polymerization is the same. The reference point 
is the log 1.2 for the relative viscosity at the fourth 
point of stress which corresponds to an average 
hydrostatic pressure of approximately 170 mm. of 
water. In sample “A” this corresponds to a dilu- 
tion of 97 per cent. For the same dilution at the 
eighth point of stress with average hydrostatic 
pressure, corresponding to 85 mm. of water, the 
logarithm is found to be 1.35. The difference 
between the logarithms at the eighth and the fourth 
points of stress is equal to 0.15. This we have la- 
belled the anomaly factor. 

In sample “B” which has half the concentration 
of hyaluronic acid of “A,” the reference point must 
be the same as for sample “A.” In order to obtain 
this value the curve for the fourth point of stress 
is extrapolated to cross the reference point 7 rel 
logarithm 1.2. In like manner, the curve for the 
eighth point of stress is also extrapolated. At the 
dilution where the fourth point of stress crosses 
the line for log 1.2 the corresponding point for 
the eighth point of stress is log 1.35. The dif- 
ference, or anomaly factor, again is 0.15. In 
other words, regardless of the initial concentra- 
tion, this method for determining anomalous vis- 
cosity gives the same anomaly factor, which then 
may be considered directly proportional to the de- 
gree of polymerization. 
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It must be stressed that we have arbitrarily 
chosen the reference point as y rel log 1.2. Any 
other point is just as good, providing it is used 
consistently. Fluids diluted to a relative viscosity 
below 20 are preferable for this type of determina- 
tion because in highly viscid fluids the straight line 
tends to curve. 

The intrinsic viscosity is chiefly an index of 
mean polymerization of hyaluronic acid. Accord- 
ing to Sundblad (3), the degree of anomalous vis- 
cosity is more sensitive to the presence of small 
amounts of high polymer fractions in pathological 
fluids, whereas in highly degraded fluids the in- 
trinsic viscosity is more reliable. 

Table III lists the average anomaly factors for 
33 normal fluids from the carpo-metacarpal joints 
of cattle and horses and 39 effusions from three 
types of arthritis. The highest values were found 
in the fluids from the cattle. The fluid from the 
horses had lower values, although there is an 
overlap between these two groups. 

Of the pathological fluids, osteoarthritis (degen- 
erative) has higher values than rheumatoid arth- 
ritis and chronic traumatic synovitis. Here again 
there is an overlap. The analysis of results indi- 
cates higher polymerization of hyaluronic acid in 
normal synovial fluid from cattle and horses than 
from pathological human effusions. . In osteo- 
arthritis (degenerative) the average degree of 
polymerization is higher than in rheumatoid arth- 
ritis and synovitis. 


DISCUSSION 


With the simple capillary viscometer described, 
we have determined relative, intrinsic and ano- 
malous viscosity. 

Relative viscosity, the simplest and most fre- 
quently used parameter, is not only important in 


TABLE II 
Anomalous viscosity of synovial fluid 


Average 
anomaly 
Species Joint Diagnosis No. factor 
Cattle Carpal Normal 20 ~=—s- .281 + .068* 
Horse Carpal Normal 13 .227 + .04 
Human Knee Osteoarthritis 10 177 + .034 
Human Knee Rheumatoid 20 -122 + .034 
Human Knee Chronic 9 137 + .035 
traumatic 
synovitis 


* Standard deviation. 
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itself, but is also necessary for the determination of 
intrinsic and anomalous viscosity. The latter two 
are primarily used to find the degree of polymeri- 
zation, the molecular configuration and molecular 
weight of hyaluronic acid. 

The normal synovial fluids from the carpal 
joints of cattle show high hyaluronic acid concen- 
trations, the highest intrinsic and anomalous vis- 
cosity, as well as the highest average relative vis- 
cosity with the greatest range. The volumes fluc- 
tuated from 2 to 10 ml. with an average of 5 ml. 
Offhand, it seems strange that the range of rela- 
tive viscosities was so great, from 9 to 10,300, in 
the fluids from normal cattle joints. However, 
it is characteristic of highly polymerized hyalu- 
ronic acid in synovial fluid that minimal dilution 
is followed by great decreases in relative viscosity. 
Similar wide variations in the range of relative 
viscosity have been reported for normal human 
synovial fluid. 

The synovial fluid from the carpal joints of the 
horses had a lower degree of polymerization, as 
evidenced by the lower intrinsic and anomalous 
viscosity, and a lower range and average relative 
viscosity, although the volumes of fluid in both 
species were similar. 

The lower relative viscosity of the horse synovial 
fluid as compared to the cattle fluid is assumed to 
be due partly to a lower concentration of hyalu- 
ronic acid and partly to a lesser degree of poly- 
merization. While both the cattle and horse joints 
appeared to be grossly normal, the synovial mem- 
brane of the horses showed hyperemia and edema 
on microscopic examination. Age and species dii- 
ferences may also account for the differences in 
concentration and polymerization of the hyaluronic 
acid. 

Pathological effusions from human knee joints 
showed larger volumes than did the normal joints. 
The decrease in relative viscosity can, therefore, 
be considered as due in part to dilution. Effusions 
from osteoarthritis (degenerative) had the largest 
range and the highest average relative viscosity 
due both to the greater concentration of hyalu- 
ronic acid and the slightly higher mean polymeriza- 
tion. 

The rheological findings in osteoarthritis reflect 
the pathological findings. In this disease destruc- 
tion of synovial membrane is minimal or absent, 
inflammatory changes are secondary, and fre- 
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quently there is villous hypertrophy. This hyper- 
trophy makes possible increased production of 
hyaluronic acid even though the degree of poly- 
merization is less than normal. 

In rheumatoid arthritis the hyaluronic acid con- 
centration, relative viscosity, intrinsic viscosity, 
and anomaly factor are the lowest for all types 
studied. No evidence of enzymatic degradation 
has been found to account for the low polymeriza- 
tion. Therefore, defective synthesis of the hya- 
luronic acid by the markedly inflamed, infiltrated, 
and partly eroded synovial membrane is a more 
likely explanation. 

In chronic traumatic synovitis the relative vis- 
cosity and the hyaluronic acid concentrations are 
as low as in rheumatoid arthritis. However, the 
intrinsic viscosity and the anomaly factor are 
slightly higher. These findings indicate that the 
chronic irritation which follows minor trauma 
leads to marked dysfunction of the synovial mem- 
brane. If further investigation confirms these 
findings it will be of considerable diagnostic value, 
since objective laboratory, clinical and roentgeno- 
graphic findings are often insufficient in traumatic 
synovitis. 

For the differential diagnosis of the various 
types of joint diseases, a combination of the dif- 
ferent rheologic findings in synovial effusions pro- 
vides valuable, although limited, information. For 
example, synovial fluid with a high relative and 
anomalous viscosity is more likely to be associated 
with osteoarthritis than with rheumatoid arthritis 
or chronic traumatic synovitis. 

Sunablad (3) tends to minimize the value of 
relative viscosity in the differential diagnosis of 
various types of arthritis. However, from our 
results it appears to be as valuable as any other 
single viscosity determination. 

For clinical studies the simpler methods of de- 
termination of relative and anomalous viscosity 
which do not require hyaluronic acid determina- 
tions should be sufficient. 

Viscosity measurement is only one aspect of a 
systematic examination of synovial effusions which 
includes cytological, chemical and bacteriological 
tests as described by Kling (1), Ropes and Bauer 
(2) and by Sundblad (3). Comprehensive study 
of the joint effusions combined with a thorough 
clinical, laboratory and roentgen study are neces- 
sary for an adequate differential diagnosis. 
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SUMMARY 


1. A simple capillary viscometer is described, 
which permits the determination of relative, in- 
trinsic and anomalous viscosity of small volumes 
of synovial fluid. 

2. The various viscosity measurements were de- 
termined in synovial fluid from normal carpal 
joints of horses and cattle and from pathological 
effusions in human knee joints damaged by osteo- 
arthritis, rheumatoid arthritis, and chronic trau- 
matic synovitis. 

3. Hyaluronic acid concentration on these fluids 
were carried out by a controlled turbidimetric 
method. 

4. Normal synovial fluid from the carpus joint 
of cattle gave the highest average values for the 
relative viscosity, intrinsic viscosity and anomaly 
factor. The concentration of hyaluronic acid was 


high. The fluid from horses showed viscosity | 


values which were lower than those found in 
cattle, and a lower hyaluronic acid concentration. 
The volume of fluid was small in both species 
compared to pathological human fluid. 

5. In the pathological fluids, deviations were 
most marked in rheumatoid arthritis, less so in 
chronic traumatic synovitis, and least marked in 
osteoarthritis. 

6. Interpretation of the factors responsible for 
the differences in viscous behavior are presented. 

7. In conjunction with other tests the rheologi- 
cal behavior in normal and pathological fluids pro- 
vides valuable information about the physiology 
and pathology of joints. 
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BINDING OF CORTICOSTEROIDS BY PLASMA PROTEINS. 
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Many biologically significant substances circu- 
late in the plasma bound to plasma proteins to a 
variable extent. This phenomenon is particularly 
evident in the piasma transport of certain hor- 
mones. The high degree of binding of thyroxine 
by an alpha globulin is well known. Estrogens, 
too, have been recognized to have a high affinity 
for plasma proteins. Bischoff and Katherman 
(2) observed that estrone was more than 100 
times more soluble in human serum than in neutral 
buffers, a finding indicative of protein binding. A 
systematic study of the solubilities of certain 
steroids in bovine serum albumin has been made 
by Eik-Nes, Schellman, Lumry and Samuels (3). 
Of the steroids tested, estradiol, A 4 androstene-3- 
one, and androstane-17-one were most tightly 
bound to bovine albumin serum on the basis of 
solubility studies. These compounds proved to be 
more than 400 times more soluble in 5 per cent 
albumin than in neutral buffers. The affinity of 
cortisone for albumin was considerably less, and 
this steroid was only two to three times more solu- 
ble in 5 per cent albumin solutions than in buffer. 
The other steroids of biologic interest exhibited 
intermediate affinity for albumin. The strength 
of the steroid protein-union decreased as the num- 
ber of polar groups of the steroid increased. 

Additional observations on the binding of testos- 
terone by bovine serum albumin have been made 
by Schellman, Lumry and Samuels (4) using 
dialysis equilibrium and solvent partition analysis 
in a two-phase system. A linear relation between 
the reciprocal of the average number of mole- 


1 Reported in part at the Annual Meeting. of the 
American Society of Biolugical Chemists, April, 1956 
(1). 

2 This investigation was supported by a research grant, 
C-255 (C3), from the National Institute of Arthritis and 
Metabolic Diseases, of the National Institutes of Health, 
Public Health Service. 


, 1956; accepted September 5, 1956) 


cules of steroid bound per protein molecule and 
the reciprocal of the substrate concentration was 
observed. Differences in the binding affinity of 
three samples of bovine albumin were attributed to 
differences in the purity of the proteins. The bind- 
ing of testosterone increased with temperature and 
pH, and was inhibited in the presence of thiocya- 
nate ion, methyl orange and zinc. 

In this paper the results of dialysis equilibrium 
experiments with plasma from normal subjects 
receiving cortisone are presented. The binding 
affinities of isolated human plasma protein frac- 
tions for hydrocortisone are described, and the 
renal clearance of 17-OH corticosteroids and their 
glucuronides is interpreted in terms of the physi- 
cal state of these substances in plasma. 


METHODS 


Normal adult male volunteers were permitted a low- 
fat breakfast. Adequate urine flow was achieved by 
water loading and urine was collected by voiding in thirty- 
minute periods. Heparinized blood was obtained at the 
mid-point of the urine collection period. In certain ex- 
periments cortisone acetate (75 mg. by mouth) was 
given after the measurement of endogenous corticosteroid 
clearances and two hours prior to the collection of urine, 
for measuring the clearance after loading. Heparinized 
plasma obtained at the mid-point of this collection was 
used both to determine renal clearance and also for 
measurement of binding by dialysis equilibrium. The 
clearances were repeated in 5 subjects several days 
later after the ingestion of 2.0 to 2.5 gm. of probenecid. 

The binding of 17-OH corticosteroids (17-OHCS) and 
17-OH corticosteroid glucuronides (17-OHCS-Gluc) 
by plasma proteins was determined by dialysis equilibrium 
in the following manner. One volume of plasma, usually 
20 ml., was placed in a Visking cellophane tube (Nojax 
18/32 Casing) containing 6 to 10 glass beads. The cello- 
phane bag was placed in a large test tube containing 
four volumes of Krebs phosphosaline buffer (5). This 


buffer has a pH of 7.4, an ionic strength of 0.139 and 
contains the following ions expressed as milliequivalents 
per liter: Na 158, K 4.6, Mg 4.6, Cl 123, SO, 4.6, 
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(HPO,+ H.PO,) 40. The tube was sealed and rotated 
on a disk 12 times a minute at 4° C for 48 hours. The 
contents of the bag and the outside dialysis buffer were 
analyzed fer 17-OHCS and 17-OHCS-Gluc. The pro- 
tein content within the bag was determined by the 
Weichselbaum modification of the biuret reaction (6). 

The method of Nelson and Samuels (7) for plasma 
corticosteroids has been modified in these studies. Plasma 
proteins were precipitated with four volumes of acetone 
and removed by filtration. Fats were removed by par- 
titioning between Skelly Soive B and 80 per cent aqueous 
acetone. After removal of acetone under reduced pres- 
sure, the aqueous phase was extracted with 50 ml. of 
ethyl acetate three times. Fifteen milliliters of water 
was used to back-extract the ethyl acetate extract be- 
fore evaporation to a residue under reduced pressure at 

17-OHCS-Gluc were determined on the pooled aqueous 
phases after hydrolysis with bacterial f-glucuronidase 
(Sigma). Several schedules of addition of enzyme have 
been investigated to achieve maximum hydrolysis of the 
glucuronide conjugates. The method selected for use in 
these studies employed the addition of 800 units of en- 
zyme at two-hour intervals three times, followed by in- 
cubation overnight. The liberated steroids were then 
extracted and the same hydrolysis was repeated on a sec- 
ond day and again extracted with ethyl acetate. The 
need for such an elaborate scheme of hydrolysis was in- 
dicated by analysis of the first and second days’ extracts 
separately. The Porter-Silber chromogen on the sec- 
ond day yielded an additional 20 to 50 per cent. 

17-OHCS and 17-OHCS-Gluc were determined in 
urine and in the dialysate in the equilibrium experiments 
under the same conditions used for plasma, except that 
deproteinization and delipidization were not carried out. 

Florisil chromatography was performed according to 
Nelson and Samuels (7) to reduce the nonspecific Porter- 
Silber chromogens. After suitable corrections for re- 
agent chromogens, sulfuric acid chromogens and the 
losses of 17-OH corticosteroids on the columns, the 
concentrations of 17-OHCS and 17-OHCS-Gluc were 
calculated and expressed in terms of hydrocortisone. 

In some clearance experiments urinary 17-OHCS and 
17-OHCS-Gluc were measured also by the method of 
Silber and Porter (8) using 800 units of bacterial beta 
glucuronidase for 2 ml. of urine and incubating for 24 
hours to determine the combined free and glucuronide 
17-OHCS. 

The human plasma protein fractions (Cohn) were ob- 
tained from Dr. J. Newton Ashworth of the American 
Red Cross. Four per cent protein solutions by weight 
were prepared and insoluble material was removed by 
centrifugation. Cellophane bags containing 10 ml. of 
protein solution were dialyzed against 40 ml. of phos- 
phosaline buffer to which hydrocortisone had been added 
in dilute alcoholic solution. The final alcohol concen- 


tration was 3 per cent at the highest steroid concentra- 
tions tested. After 24 hours of dialysis the hydrocortisone 
in the bag and in the dialysate was measured by the 
method of Silber and Porter (8). A slight reaction with 
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phenylhydrazine reagent was observed with extracts 
from albumin solutions to which no hydrocortisone had 
been added. In experiments with low concentrations of 
added hydrocortisone, this chromogen of doubtful speci- 
ficity was subtracted from that obtained in the presence 
of hydrocortisone. The addition of hydrocortisone to the 
protein solution rather than to the external buffer resulted 
in the same steroid distribution, indicating that equilibrium 
had been closely approached with this period of dialysis. 

Creatinine was determined in f‘asina and urine by a 
spectrophotometric modification of the method of Folin 


and Wu (9). 
RESULTS 


The degree of binding of the plasma 17-OHCS 
and 17-OHCS-Gluc as indicated by dialysis equi- 
librium measurements has been summarized in 
Table I. The concentration of the non-protein 
bound moiety of the two types of steroids per 100 
ml. of water within the dialysis bag has been cal- 
culated from the concentration of the steroid out- 
side the bag and the protein concentration within 
the bag. The concentration of the protein bound 
17-OHCS and 17-OHCS-Gluc within the bag is 
the difference between the total amount of the 
respective steroids measured within the bag less 
the calculated free steroid concentration. Under 
the experimental conditions employed, 94 per cent 
of the 17-OHCS present within the dialysis bag 
was bound to the plasma proteins. Although con- 
jugation of 17-OHCS to glucuronides substantially 
reduced the degree of binding by protein, about 
two thirds remained associated with the protein 
components of the system. 

The identity of the plasma proteins which are 
responsile for binding corticosteroids has been in- 
vestigated by performing dialysis equilibrium stud- 


TABLE I 
Binding of corticosteroids by plasma proteins * 


17 OHCS 17 OHCS-Glucuronides 
ue./100 ml. ug./100 ml. 

Expt. Free Bound Free Bound 
1 2.06 29.2 5.15 12.4 
2 0.93 29.1 7.46 15.5 
3 2.12 39.3 10.0 17.5 
4 1.49 26.2 13.3 29.0 
5 2.63 30.3 14.0 18.1 
Mean 1.85 30.8 10.0 18.5 

% 5.7 94.3 35.2 64.8 


* Dialysis equilibrium: plasma from normal subjects 
2 hrs. after 75 mg. oral cortisone acetate dialyzed against 
phosphosaline buffer pH 7.4. 
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TABLE II 
Binding of hydrocortisone by plasma protein fractions * 
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Hydrocortisone 

Fractions Protein Free Bound 

(Cohn) mg./ml. 
I 30 123 12 
II 29 113 24 
III 19 115 20 
IV-1 17 113 1 
IV-4 29 103 74 
V 30 95 110 


* Dialysis equilibrium: human plasma protein fractions 
and hydrocortisone. 


ies using plasma protein fractions prepared by the 
Cohn method. From the results listed in Table 
II, the greatest binding activity is evident in the 
albumin fraction (Fraction V). The affinity of 
Fraction IV-4 can be ascribed to the albumin con- 
tent of this fraction. The affinity of the proteins 
for steroids at this relatively high steroid concen- 
tration is less than observed in human plasma. 
The influence of steroid concentration on the bind- 
ing of hydrocortisone by human Fraction V and 
by bovine plasma albumin is illustrated in Figure 
1. To compare the affinity of hydrocortisone for 
albumin the expression r/[S] =K(n-—r) has 
been employed by Eik-Nes, Schellman, Lumry, 
and Samuels (3). [S] is the molar concentration 
of unbound steroid and r is the average number 
of substrate molecules bound per molecule of pro- 
tein. K is the intrinsic association constant for 
the binding sites, and n is a function of the binding 
sites per protein molecule. Under the conditions 
employed in this study where the value of r is 
small, r/[S] provides an indication of the magni- 
tude of K for comparative purposes. At steroid 
concentration of 60M per liter, and higher, the 
affinity was found to be similar to that reported 
(3). At lower concentrations where the value 
of r was only a small fraction of the albumin mole- 
cules, there was a rise in the value of r/[S] X 
10-*. A similar affinity at low hydrocortisone con- 
centration was observed in four other human 
Fraction V preparations obtained from American 
Red Cross. One of these human Fraction V 
preparations did not contain added caprylate. 
The process of glomerular filtration represents 
a physiologic ultrafiltration. It is of interest, 
therefore, to correlate the in vitro dialysis equi- 
librium experiments which have been carried out 


with the clearance of 17-OHCS and 17-OHCS- 
Gluc. The measured clearances of endogenous 
creatinine, 17-OHCS and 17-OHCS-Gluc are 
listed in Table III. Although the clearance of 
17-OHCS is consistently low, in keeping with the 
findings of other workers, we have found the 
clearance of the 17-OHCS-Gluc to be higher in 
some individuals than that previously reported 
(10, 11). The variability of the 17-OHCS-Gluc, 
except in the subject E. J., could not be attribuved 
to obvious analytic errors. Performance of the 
urinary 17-OHCS-Gluc by two different methods 
in the last three studies tabulated did not alter the 
clearances materially. Figure 2 presents the ratios 
of steroid to creatinine clearance for both the con- 
jugated and unconjugated 17-OHCS, under the 
four experimental conditions studied. The lower 
marking tab to the right of the columns indicates 
the clearance of 17-OHCS predicted on the basis 
of the dialysis equilibrium experiments assuming 
that glomerular filtration is the only renal excre- 
tory mechanism. The agreement between pre- 
dicted and observed clearances supports this con- 
cept. In the case of the 17-OHCS-Gluc the pre- 
dicted clearance (upper marking tab) proved to 
be lower than the observed clearances in the ab- 


COMPARISON OF BOVINE PLASMA 
ALBUMIN & HUMAN FRACTION 
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BOVINE PLASMA 
ALBUMIN 


i 10 
FREE HYDROCORTISONE  UM/L 


Fic. 1. Tae Arriniry oF HuMAN AND BOovINE 
ALBUMIN FOR HyprocorTISONE AT DIFFERENT STEROID 
CONCENTRATIONS 


The albumin solutions were made up to be 4 per cent 
by weight in phosphosaline buffer. The free hydrocorti- 
sone concentration was the concentration of steroid within 
the bag not in combination with protein. The affinity of 
albumin for hydrocortisone has been plotted on the ordi- 
nate as r/{[S] X 10“. The use of this expression is de- 
scribed in the text. 
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0 + 102 
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TABLE III 
The Clearance of 17-OHCS and 17-OHCS-Glucuronides 


Clearance ml/min 
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17-OHCS-Gluc 
Clearance mi/min 


17-OHCS 
Clearance ml/min 


175 
156 
69 
60 


147 
117 
112 


+o+t+o 


0 
+ 
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0 0 112 
‘+ 0 91 
0 + 95 
+ 115 


0 0 125 
+ 0 99 
0 + 105 
+ 106 
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sence of probenecid. This discrepancy suggested a 
tubular excretory process. It should be noted that 
tubular excretion of methyl glucuronide, phenyl 
glucuronide and resorcinyl glucuronide, but not 
pregnanediol glucuronide, has been demonstrated 
in the chicken (12). The clearances were repeated 
following the administration of probenecid and in 
all except one subject there was a lowering of the 
17-OHCS-Gluc clearances in the presence of the 
drug. The steroid analyses in this case were 
technically unsatisfactory but have been included 
for completeness. Probenecid had no effect on 
the clearance of 17-OHCS. This finding is in 
agreement with that of Gardner, Crigler, and 
Migeon (13), who observed that the drug did not 
alter the excretion of unhydrolyzed 11-oxycorti- 
costeroids although 17-ketosteroid excretion was 
impaired, 
DISCUSSION 


The evidence presented indicates that human 
plasma protein has a high affinity for 17-OH 


*Urine steroid determinations performed by method of Silber and Porter. 
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corticosteroids when these steroids are present in 
physiologic concentrations. The binding is of a 
loose, freely reversible character. The addition 
of an organic solvent phase to the dialysis equi- 
librium system, such as carried out by Axelrod 
and Zaffaroni (14), results in nearly complete 
extraction of the corticosteroids from the plasma. 
Precipitation of proteins with the usual protein 
precipitants disrupts the steroid-protein union. 
The nature of the steroid-protein bond is incom- 
pletely understood. The participation of the 
unsaturated ketone at C3 has been suggested by 
Westphal (15) on the basis of a decrease in the 
extinction coefficient and a displacement of the 
absorption maximum in the ultraviolet region of 
the spec*~um of progesterone in albumin solutions. 
The decreased binding of the 17-OHCS-Gluc 
might be due both to the hydrophilic character of 
the glucuronide component and reduction of the 
unsaturated ketone. 

The binding of 17-OHCS restricts the ready 


106 
| 
15.4 
(12.9)* 
C.A. 0 102 14,1 | 
(12. 7)* 
W.D. + 119 9.4 
( 9.4)* 
e t 


1432 
CONTROL PROBENECID 
AB A 8B 
140 

130- ° 

120- 

110-4 
CREATININE CLEARANCE 
c 

09 ITOHCS-GLUC CLEARANCE 
Sos- CREATININE CLEARANCE 
° B— CORTISONE LOADING 

05-4 

04-4 8 

03-4 

° 
02-4 
J 
Fig. 2. THe CLEARANCE Ratios oF 17-OHCS anp 17- 


OHCS-Giuc Witnout Steroi Loapinc (CoLtumN A) 
AND AFTER THE INGESTION OF 75 MG. OF CORTISONE 
(Cotumn B) 


At a later date the clearances were repeated after 
probenecid. The tabs to the right of the columns indi- 
cate the clearance predicted on the basis of the simple 
filtration of non-protein bound 17-OHCS (lower tab) 
and non-protein bound 17-OHCS-Gluc (upper tab). 


passage of corticosteroids across capillary mem- 
branes. Evidence for this view may be found in 
the low concentrations of 17-OHCS which have 
been reported in normal cerebrospinal fluid (16). 
The higher concentration of 17-OHCS detected 
in certain transudates and exudates can be at- 
tributed to the protein content of these fluids and 
the affinity of the respective protein elements for 
corticosteroids. Ascitic fluid has been tested in 
this laboratory and has demonstrated affinity for 
corticosteroids only somewhat lower than plasma. 
The conclusion of Cope, Hurlock, and Sewell (17) 
that adrenal cortical hormone diffuses freely into 
ascitic, pleural, amniotic and synovial fluids needs 
qualification. It would seem more correct to state 
that the non-protein bound steroid of the plasma 
diffuses readily into such fluids and the eventual 
concentration achieved in such fluids is determined 
in part by the binding affinity of the proteins of the 
fluid. 

The importance of serum albumin in plasma 
binding of steroids is indicated by this study. Al- 
though considerable denaturation of the lipoprotein 
fractions occurs with lyophilization, there is no 
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evidence in the present results or in electrophoretic 
studies presented in an accompanying paper (18) 
that lipoproteins are important in steroid binding. 
It is of interest that the affinity of human albumin 
(Fraction V) for hydrocortisone is greater than 
bovine serum albumin at lower steroid concentra- 
tions. This observation is also in accordance with 
that of Westphal (15), who observed a greater 
decrease in ultraviolet extinction when proges- 
terone was bound by human albumin as compared 
with bovine serum albumin. 

The increased affinity of Fraction V for hydro- 
cortisone at low steroid concentrations occurs at 
steroid to protein molecular ratios far below unity. 
To explain this behavior it is uecessary to postulate 
that there is a heterogeneity of binding sites either 
intrinsic or induced by denaturation among albu- 
min molecules, or that the steroid binding sites 
are partially occupied by other substances in the 
Fraction V preparations. Although we have 
demonstrated a high affinity of human Fraction V 
for hydrocortisone, the degree of binding demon- 
strable in plasma from patients receiving corti- 
sone exceeds that which can be explained on the 
basis of the results with Fraction V. In other ex- 
periments we have added tracer quantities of hy- 
drocortisone-4-C™ to plasma of patients receiving 
hydrocortisone by mouth to determine whether 
the binding to plasma proteins which occurs in 
vivo differs from that occurring in vitro. The 
degree of binding was of the same order of mag- 
nitude whether measured radiochemically or chem- 
ically. The behavior of human albumin at physio- 
logic hydrocortisone concentrations is being stud- 
ied further. 


SUMMARY 


1. Dialysis equilibrium experiments have been 
carried out on human plasma obtained 2 hours 
after the ingestion of oral cortisone acetate. An 
average of 94 per cent of the 17-OH corticoster- 
oids and 65 per cent of the 17-OH corticosteroid 
glucuronides were loosely bound to plasma pro- 
teins. 

2. Human plasma Fraction V and to a lesser 
extent Fraction IV-4 possessed significant steroid 
binding activity. The binding observed in Frac- 
tion IV-4 could be attributed to its contained 
albumin. 
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3. The binding affinity of human Fraction V in- 
creased as the concentration of hydrocortisone de- 
creased. This behavior was not noted in bovine 
serum albumin. 

4. The low renal clearance of 17-OH corticos- 
teroids after cortisone acetate ingestion can be re- 
lated to low concentration of non-protein bound 
steroid available for filtration. The clearance of 
17-OH corticosteroid glucuronides is higher than 
can be explained by simple filtration of the non- 
protein bound component. This observation plus 
the depression of the clearance of the glucuronide 
fraction with probenecid suggest a tubular excre- 
tory process. 
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BINDING OF CORTICOSTEROIDS BY PLASMA PROTEINS. 


II. PAPER ELECTROPHORESIS AND EQUILIBRIUM 


Dialysis equilibrium experiments indicate that 
corticosteroids circulate largely inj loose association 
with plasma proteins (2). Whé¢n separate frac- 
tions of human plasma prepared by the low tem- 
perature, alcohol method of Cohn were subjected 
to dialysis equilibrium against phosphate buffer 
containing hydrocortisone, Fraction V, largely al- 
bumin, proved to have the highest affinity for hy- 
drocortisone. 

Additional evidence concerning the nature of 
the plasma proteins responsible for binding of cor- 
ticosteroids would be desirable. Paper electro- 
phoresis has been used successfully to characterize 
the binding of thyroxine (3). An alpha globulin 
was found to possess the greatest affinity for thy- 
roxine although albumin also may be important in 
thyroxine binding under certain circumstances. 
An attempt to apply paper electrophoretic meth- 
ods to the study of corticosteroid binding has been 
made by Westphal, Firschein, and Pearce (4). 
Hydrocortisone-4-C* was added to human serum 
albumin and subjected to electrophoresis. After 
development of the electrophoresis the steroid 
was eluted in strips from the paper and the quan- 
tity of radioactivity measured. No migration of 
hydrocortisone from the starting line was observed. 
When the same procedure was applied to serum 
albumin to which progesterone-4-C** had been 
added, there was a migration of the progesterone 
with the current, but the steroid was not localized 
to the albumin component. 

In this paper, electrophoretic studies of binding 
of corticosterone and hydrocortisone by plasma 
proteins are presented. The standard paper elec- 


1 Reported in part at the Annual Meeting of the Ameri- 
can Society of Biological Chemists, April, 1956 (1). 

2 This investigation was supported by a research grant, 
C-255(C3), from the National Institute of Arthritis and 
Metabolic Diseases, of the National Institutes of Health, 
Public Health Service. 
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trophoretic method has been compared with a 
new method which makes possible the study of 
the binding of uncharged substances with low 
affinity for proteins. 


METHODS 


Sheets of Whatman No. 3 MM filter paper, 18% by 9% 
inches, were used for electrophoresis between glass plates, 
as described by Chernoff (5). The avoidance of evapora- 
tion such as occurs in most free strip electrophoretic de- 
vices is important for binding studies. The edges of the 
giass plates were sealed with tape to inhibit evaporation 
further. Barbital buffer pH 8.8 with an ionic strength 
of 0.06 was used. Electrophoresis was carried out with 
a current of 180 to 220 volts for a period of from 8 to 14 
hours. 

Crystalline bovine plasma albumin was obtained from 
Armour Laboratories. Samples of human Fraction V 
were provided by Dr. J. Newton Ashworth of the Ameri- 
can Red Cross. Blood was drawn from normal human 
adult laboratory workers and the plasma separated 
promptly. The Endocrinology Study Section of the 
National Institutes of Health allotted the corticosterone- 
4-C* and hydrocortisone-4-C™% each with a specific ac- 
tivity of 1.467 microcuries per millimole. 

In most experiments 0.Z ml. of the protein solution 
containing the radioactive steroid was applied to a start- 
ing line of 4 to 6 inches in length. After completion of 
the electrophoresis, the paper was dried in an oven at 
100° C, and the position of the proteins was identified by 
staining with bromphenol blue. Vertical strips, 0.5 inch 
in width, were cut from the paper. Each strip was then 
further cut up into small pieces and placed in a test tube. 
The steroids were extracted from the paper with three 
5-ml. portions of ethyl alcohol. The alcohol extract was 
filtered, pooled and evaporated in 50 ml. conical centri- 
fuge tubes. Radioactivity was determined by transferring 
the extracts in ethyl alcohol to brass cups with an in- 
side diameter of 2 cm. and containing a disk of lens paper, 
and drying under an infra red lamp. A Robinson gas 
flow proportional counter was used to measure the 
radioactivity. Where a measure of the absolute rather 
than the relative radioactivity was desired, the transfer 
was accomplished in 0.6 ml. of 80 per cent ethyl alcohol 
containing 2 per cent glucose. The glucose fixed the 
lens paper to the brass cup and provided a uniform glaze 
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PLASMA PROTEIN BINDING OF CORTICOSTEROIDS. — II 


Fic. 1A Fic. 1B 


ELECTROPHORESIS 


EQUILIBRIUM ELECTROPHORESIS 


BOVINE SERUM ALBUMIN 

CORTICOSTERONE - 4c/4 z BOVINE SERUM ALBUMIN 
= BARBITAL BUFFER 88 CORTICOSTERONE 
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VINE SERUM ALBUMIN (Upper GRAPHS), HUMAN ALBUMIN (MIppLE GRAPHS) AND NoRMAL 
(Lower GRAPHS) 


human albumin (Fraction V) where an 8 per cent solution was used. 


Fic. 1. ConventionAL Paper EvectropHoresis (1A) PAper ELEctropHorests (1B) oF Bo- 


The stippled columns indicate the relative amounts of radioactivity found in strips cut vertically to the axis of 
electrophoresis. Below each graph a strip of paper stained with bromphenol blue indicates the location of the albu- 
min component. The a!>umin concentrations were 4 per cent except in the case of equilibrium electrophoresis with 
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after drying under an infra red light. Correction for 
self absorption was calculated on the basis of weight 
from an experimentally determined self-absorption curve. 

In the technique of equilibrium paper electrophoresis, 
preliminary equilibrium of the protein solution and the 
electrophoretic buffer was achieved. The plasma or pro- 
tein solution, 10 ml. in a cellophane bag (Visking, 18/32 
Nojax Casing), was dialyzed for 24 hours against 40 ml. 
of barbital buffer containing about 20 mcg. of C**-labelled 
steroid. 
for electrophoresis was soaked with the dialysate, and the 
protein solution was applied to the starting line as de- 
scribed above. 


At the conclusion of the dialysis the paper used 


RESULTS 

Corticosterone-4-C™ was added to bovine plasma 
albumin, human albumin (Fraction V) and nor- 
mal human plasma and subjected to paper electro- 
phoresis in the conventional manner (Figure 1A). 
Significant migration of the radioactivity did not 
More of the 
corticosterone moved in the presence of human 
albumin, but the greatest movement of corticos- 
terone with normal 
Even with normal human plasma, however, the 


occur with bovine plasma albumin. 


occurred human plasma. 
radioactivity was not associated with a particular 
protein peak but decreased in a progressive man- 
ner from the starting line. In control experiments 
with corticosterone-4-C™, in the absence of pro- 
tein there was no obvious migration of steroid 
from the starting line. 


DAUGHADAY 


EQUILIBRIUM ELECTROPHORESIS 


The failure to demonstrate the association of 
radioactivity with particular proteins in the con- 
ventional electrophoresis technic was attributed 
to the loose and reversible character of the steroid 
protein bond. As the steroid binding protein ad- 
vances along the paper a continuous dissociation 
from the protein occurs with loss of steroid trom 
the moving protein component. The technic of 
equilibrium paper electrophoresis was designed to 
maintain the protein in the same free steroid en- 
vironment that existed during the preliminary 
dialysis. Under the conditions of equilibrium elec- 
trophoresis the rate of association of new steroid 
with the protein should approximate the rate of 
dissociation, 

The binding of corticosterone-4-C'™ by bovine 
and human albumin and by normal human plasma 
has been examined with the technic of equilibrium 
electrophoresis (Figure 1B). There was little 
concentration of radioactivity with the protein peak 
of bovine albumin. Increase in the protein concen- 
tration from 4 to 8 per cent did not improve resolu- 
tion. In contrast, there was clear localization of 
corticosterone with the migrating component of 
human albumin. An even greater localization of 
radioactivity with the albumin of normal human 
plasma could . demonstrated. 


arallel experiments have been carried out 


NORMAL HUMAN PLASMA 
HYDROCORTISONE - 
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Paper ELECTROPHORESIS OF NorMAL HuMAN PLASMA 


AND HyprocorTIsoNE-4-C™ 


The stippled columns indicate the radioactivity found in strips cut vertically 


to the axis of electrophoresis. 


blue indicates the position of the albumin component. 
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PLASMA PROTEIN 


with hydrocortisone-4-C™, and again no meaning- 
ful results were obtained with standard paper elec- 
trophoretic methods. The binding of hydrocorti- 
sone by the albumin component of normal human 
plasma could be demonstrated clearly by equi- 
librium electrophoresis (Figure 2). The localiza- 
tion with hydrocortisone was less clearly evident 
than with corticosterone. This finding could be 
correlated with the fact that the affinity of corti- 
costerone for albumin is more than twice that of 
hydrocortisone, as determined by direct radio- 
chemical measurement of the corticosterone-4-C** 
in the protein solution and the dialysate. 


DISCUSSION 


The limitations of paper electrophoresis in the 
study of protein binding of substances such as cor- 
ticosteroids with relatively low affinity for proteins 
have been clearly demonstrated. Because of the 
dissociation of the steroid from the protein, lo- 
calization with individual protein components can- 
not be obtained. Westphal, Firschein, and Pearce 
(4) have inquired whether the greater paper elec- 
trophoretic migration of progesterone as compared 
to hydrocortisone in albumin solution could be at- 
tributed to a greater affinity of the hydrocortisone 
to the paper. Chromatography with barbital buf- 
fer actually showed that the reverse was true. 
The strength of the steroid-protein bond was there- 
fore paramount in determining mobility in paper 
electrophoresis. The present findings indicate that 
the major factor promoting dissociation of the 
steroid is the buffer rather than the paper. Im- 
pregnating the paper with buffer containing the 
corticosteroid in equilibrium with human plasma 
has permitted continued migration of increased 
steroid concentration with the albumin component 
of plasma. It would seem unlikely that the minute 
concentration of steroid in the buffer could satu- 
rate the binding sites for steroid in the paper. 
Furthermore, when the concentration of steroid 
was highest in the buffer, as, in the runs with bo- 
vine albumin, the definition of binding was much 
poorer than with human plasma when the steroid 
concentration in the buffer was lower. It may be 
concluded that the equilibrium between corticos- 
teroid, buffer and protein is not greatly disturbed 
by the presence of the filter paper. 
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A graded affinity for corticosteroids has been 
demonstrated in the proteins studied. Normal 
human plasma bound the two corticosteroids more 
strongly than Fraction V. The latter in turn was 
more potent than bovine plasma albumin. The 
binding affinity of the last protein was so little 
that the localization was barely demonstrable by 
equilibrium electrophoresis. Direct measurement 
of the radioactivity in protein samples and dialy- 
sate prior to electrophoresis demonstrated that the 
affinity of normal human plasma for hydrocorti- 
sone was about eight times greater than that of 
bovine plasma albumin at the pH of the barbital 
buffer. The present observations on the differ- 
ences in the affinity of different albumins for 
steroids confirm those obtained by dialysis equi- 
librium (2) and by spectrophotometric studies of 
binding of progesterone (6). The explanation for 
these differences cannot be given as yet. There 
is no evidence of inhomogeneity of the albumin by 
electrophoresis but it is possible that there is a 
separate steroid binding protein migrating with 
the human albumin component. It is possible that 
the differences between bovine and human albu- 
min may have been induced by fractionation. The 
close correspondence of the peak of steroid con- 
centration with the albumin component argues 
against the possibility that the diffuse lipoprotein 
component which extends from the f-globulins 
into and sometimes beyond albumin on paper elec- 
trophoresis (7) is responsible for protein binding 
of corticosteroids. 


SUMMARY 


1. Standard paper electrophoresis failed to indi- 
cate the association of corticosterone-4-C** with 
bovine plasma albumin, human albumin (Fraction 
V) or with any separate protein component of 
normal human plasma. 

2. Preliminary dialysis of the protein solution 
to be studied with the electrophoretic buffer con- 
taining either corticosterone-4-C™* or hydrocorti- 
sone-4-C* has allowed the demonstration of the 
electrophoretic migration of the bound corticos- 
teroid exclusively with the albumin component of 
normal plasma. 

3. The affinity of corticosterone-4-C'* and hy- 
drocortisone-4-C™* was greatest for normal human 
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plasma, intermediate for human albumin (Fraction 
V), and least for bovine plasma albumin. 
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plasma, intermediate for human albumin (Fraction 
V ), and least for bovine plasma albumin. 
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REAGENTS and REACTIONS 


* a single reagent for 12 tests 


* enzymatic hydrolysis of conjugated steroids 
* accurate measurement of glomerular filtration 


+ a guide to transfusion 


Ir You CAn’tT BEAT THEM, JOIN THEM 


Much as we'd like to, we can’t ignore 

or eliminate interfering factors in 

blood chemistry. The best we can do 

in the laboratory is to duplicate'them. 
This is now possible with Versatol: a new blood 
chemistry standard, and the only one made up in 
whole human serum, rather than water or an 
albumin solution. Versatol contains the normal 
concentrations of: (1) serum protein-bound iodine, 
(2) total nitrogen, (3) total protein, (4) nonpro- 
tein nitrogen, (5) urea nitrogen, (6) creatinine, 
(7) sodium, (8) potassium, (9) chlorides, (10) 
phosphates, (11) calcium, (12) glucose. Thus, for 
the first time, a preparation is available which 
duplicates all the interfering substances and checks 
all the procedures used in analysis of the patient’s 
serum. Note particularly: Versatol provides a 
much-needed standard for PBI. This extremely 
delicate test can now be performed without fear 
of undetected contamination! Versatol is ready for 
use with just the addition of distilled water, elimi- 
nating the tedious preparation of innumerable 
aqueous standards, The solution is then used like 
human serum. 


TRACKING DowN TESTOSTERONE 


Testosterone has never been detected 
in urine in either free or conjugated 
form. Yet since some steroids are 
known to be converted to conjugated 
glucuronides, testosterone may also be expected 
to form a glucuronide at some point along its 
metabolic pathway. The test: Fishman and Sie’ 
incubated liver slices from six mammalian species 
with testosterone, isolated a product with the prop- 
erties of testosterone glucuronide. Hydrolysis with 
f-glucuronidase (Ketodase Warner-Chilcott) 
yielded nearly equimolar amounts of glucuronic 
acid and testosterone. Discussion: The authors 
postulate that this reaction may occur in vivo to 
prevent oxidation of testosterone in its passage 
through the circulation and the liver to the target 
organs. Conclusion: Ketodase Warner-Chilcott 
(beef liver 8-glucuronidase) was able to hydrolyze 
the conjugated steroid without any of the destruc- 
tion which accompanies the use of harsh acids. 
For your research, Ketodase is a thoroughly reli- 
able reagent, assuring a complete recovery of 
steroid compounds. 

1. J. Biol. Chem. 218:335 (Jan.) 1956. 


WARNER-CHILCOTT 


FisH STORY 


Kidney function tests present a prob- 
lem in the toadfish and goosefish .. . 
their aglomerular kidneys can’t ex- 
crete inulin.* The human kidney, on 
the other hand, filters inulin completely (without 
tubular excretion or reabsorption). Inulin, as a 
matter of fact, is the reagent of choice for deter- 
mining glomerular filtration. Inulin 10% Warner- 
Chilcott is a highly accurate and convenient 
solution for such tests. Since it is controlled to 
contain less than 0.5% free fructose, no yeasting 
is required. Thus you can always be sure of repro- 
ducible results and yet save time. For further 
Inulin information, just check the box below. 

2. Smith, H. W.: The Kidney, New York, Oxford Univer- 

sity Press, 1951, p. 233. 


CorRECT THE DEFICIT 


Reliable information about blood vol- 
ume lowers surgical mortality, helps 
speed convalescence. Dr. C. W. Cut- 
ter, Jr., and his group at Goldwater 
Memorial Hospital, N. Y.,° performed the Evans 
Blue test routinely to check the blood volume of 
elderly surgical patients. They found the correc- 
tion of blood volume deficits to be of utmost im- 
portance for their patients’ welfare. Whenever 
blood volume determinations are indicated for 
your patients, Evans Blue Warner-Chilcott offers 
an accurate guide to transfusion. It is a nontoxic, 
quantitative solution which can be administered 
without specially weighing or calibrating syringes. 
If you are interested in information about a simpli- 
fied method, use the coupon below. 

3. New York State J. Med. 55:489 (Feb. 15) 1955. 


Warner-Chilcott reagents are locally available 
through leading laboratory supply distributors. 


| 


Laboratory Supply Div., Warner-Chilcott Laboratories 
Morris Plains, New Jersey 


Please send me more information on 
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C] Inulin 10% C) Ketodase | 
Warner- Chilcott | 

Versatol Evans Blue | 
Warner - Chilcott | 

NAME. 
ADDRESS. | 

CITY. STATE | 


\ 
r 
de 
| 
| 
| 
| 
vs 


APPARATUS & EQUIPMENT SECTION 


Osmotic Pressure 
@ FISKE OSMOMETER 


Sodium, Potassium, Calcium 
@ FLAME PHOTOMETER 


Body Water Determination 
@ TRITIUM ANALYZER 


Fast, simplest, most accurate 


20 Oakcrest R«iad 
Needhan, M ‘ss. 


Reprints 


of the eight papers 


on the 


NEPHROTIC 
SYNDROME 


published in the April, 1954 


issue of 
THE JOURNAL OF 


CARDIAC CATHETERIZATION 


Laboratories throughout the world 


use equipment specifically 


designed for them by 


ELECTRONICS for MEDICINE 


17 So. Lexington Ave. 
White Plains, N. Y. 


CLINICAL INVESTIGATION 
are available for $1.00 


Single copies of 


THE TREATMENT OF ACUTE 
INFECTIOUS HEPATITIS 


July, 1955, Part Two 


issue of 


THE JOURNAL OF 


®@ 
The NATELSON 

MICROGASOMETER 
Can Also Be Used As A 
MICRO BURETTE 


With Unusually Fine 
Ease of Control! 


Simple Analysis of Blood 
for Gas Content Using 
Only 0.03 ml. 


PLUS 


Converts into accurate 
Micro Burette 0 to 0.12 
ml. by .001 ml. 


“9\ For information see your labo- 
,} ratory supply dealer or write to: 


SCIENTIFIC INDUSTRIES, Inc. 
15 Park St., Springfield, Mass. 


CLINICAL INVESTIGATION 
$1.50 


(No Reprints available) 


Order both through the 
Business Office of 


The Journal of Clinical Investigation 
622 West 168th Street 
New York 32, N. Y. 
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NEW 
FR p CONCEPT IN 


CLINICAL CHEMISTRY! 


Lyophilized, single assay, reagent tubes for 


determination of serum TRANSAMINASE, 
URIC ACID and LACTIC ACID DEHYDROGENASE 


ACCURATE LOW-PRICED 


SIMPLE 


(merely add water, serum and read) 


Although developed for use with a spectropho- 
tometer, a spectrophotometer is not necessary for 
Transaminase or LDH Determinations. The tubes may 
be used as cuvettes in the new, low priced COENZOMETER 
(pat. pending) which measures absorption at 340 mz. 
This instrument is currently being introduced by 
Macalaster Bicknell Company, 243 Broadway, Cambridge, 
Mass. 


Write to us for complete information 
including Coenzometer literature 


WORTHINGTON BIOCHEMICAL CORPORATION 
FREEHOLD, N. J. 
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W. are prepared to con- 
sider requests from profession- 
ally qualified investigators for 
experimental quantities of vita- 
min E in the form of d-alpha- 
tocopherol or its derivatives. 
Address inquiries to: Dr. Norris 
D. Embree, Director of Re- 
search, Distillation Products In- 
dustries, Rochester 3, N. Y. 
(Division of Eastman Kodak 
Company). 


supplier of 

bulk tocopherols to 
the pharmaceutical 
industry 


1500 
ASSAYED 
BIOCHEMICALS 


300 AMINO ACIDS 
AND DERIVATIVES 


Purified and tested to meet our specifications 
published in 


NEW PRICE LIST No. 122K 


a unique catalog of research biochemicals with 
detailed specifications used as an accepted guide. 
MANN PHASE SOLUBILITY 
PRIMARY ST’'“"ARD AMINO ACIDS 
Kit No. 85 15 DL Amino Acids 
Kit No. 341: 14 L Amino Acids 
DINITROPHENYL (DNP) AMINO ACIDS 
Kit No. 481: 18 DNP Amino Acids 


RESEARCH. 
136 Liberty Street * New York 


WANTED 


Back Issues of 
THE JOURNAL OF 
CLINICAL INVESTIGATION 


to fill out incomplete volumes: 


January, July, (Pt. Il), September, 
and December, 1955 


January through May, 1956 
75¢ per copy and postage 


For particulars write to 


The Journal of Clinical 
Investigation 
Business Office 
622 West 168th Street 
New York 32, N. Y. 
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in breast carcinoma... 
palliation smoothly maintained 


Androgens — in large doses — can pro- 
vide palliation in advanced inoperable 
mammary cancer. Of all clinically used 
androgens, Perandren phenylacetate 
provides longer and stronger anabolic 
and androgenic effects — which are 
easily obtained, smoothly maintained. 


One dose is usually effective 
for a full month 


The virtually painless injection of 
Perandren phenylacetate spares the 
cancer patient much discomfort, fre- 
quency of injections, inconvenience. 


Treatment should be started with 
short-acting Perandren propionate — 
150 to 300 mg. weekly. When optimal 
dosage has been determined, the same 
amount of Perandren phenylacetate 
can then be injected — once a month. 
Perandren® phenylacetate (testosterone 
phenylacetate CIBA): Multiple-dose 
Vials, 10 ml., each ml. containing 50 mg. 
Perandren phenylacetate. Perandren® 
propionate (testosterone propionate 
U.S.P. CIBA) : Ampuls, 1 ml., each con- 
taining 25 mg. Perandren propionate; 
Multiple-dose Vials, 10 ml., each ml. con- 
taining 25, 50 or 100 mg. Perandren 


propionate. 
CIBA 
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Biochemicals 


for 


RESEARCH 


CARDIAC 
AILMENTS 


LYCEDAN® 


(Brand of Schwarz Adenosine-5-Phosphoric Acid) for angina pectoris, 
cardiovascular disease and vasodilation. 


TRIPHOSADEN® 


(Brand of Schwarz Adenosine Triphosphate) for cardiac ailments, ven- 
tricular fibrillation, thyrotoxic heart conditions, thromboangiitis obliterans, 


cardiovascular conditions and vasodilation. 


THIOURACIL 


for angina pectoris. 


METHIACIL® 


(Brand of Schwarz Methylthiouracil) for angina pectoris and congestive 


heart failure. 


These Schwarz fine chemicals satisfy the 
exacting requirements of products intended 
for laboratory and biochemical use. 

To assure the user of highest quality and 
purity, rigid specifications in accordance 
with latest literature are established for 
each product, each lot is carefully analyzed 
and checked before shipment, complete 


records are permanently kept, and an analy- 
sis is furnished the user if desired. 

Quantity production resulting from the 
wide preference and demand for Schwarz 
high-quality biochemicals provides ample 
supplies at low cost. Write for informative 
technical bulletins, specifications, references 
to literature, and latest complete price list. 


Visit us at Booth 29 at the AAAS Meeting in New York City, December 26-30 


SCHWARZ LABORATORIES, INC. 


Leading Manufacturers of Yeast Biochemicals and Fine Chemicals 
230 WASHINGTON STREET, MOUNT VERNON, NEW YORK 
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THERE 1S ALWAYS 


A SUPERIOR 


SARTORIUS* 


MODEL 


FOR NAME AND ADDRESS OF YOUR NEAREST SARTORIUS DEALER CONTACT 


Cc. A. BRINKMANN & CO.INC., 376-380 GREAT NECK ROAD, GREAT NECK, L.1., N.Y. 


*WORLD'S LARGEST MANUFACTURER OF BALANCES 


| 
e 
e 
e 
e 
e 
/ 
e 
e 
| 
4 e 
' i 
i | Bt if 
is 
i 
e i iii i e 
i . 
ae 
| | i 
i 
< 
e 
4 
} 
e 
| 
. A : 
e . 
e 
e 
> 
e 
e 
e ° 
7 
e : 
e 
{ 
| i 
e 
e 
i 
. 
e 
e 4 


Gamma emitting samples inserted into a scintillation well counter are 
counted by Radiation Analyzer and standard scaler. Adjustable “window” 
of Analyzer is set to count only pulses that fall within a pre-selected por- 
tion of the energy spectrum, thus virtually eliminating ‘‘background”. 


... with nuclear-chicago’s 


NEW RADIATION ANALYZER 


and your present scaler and scintillation counter 


The advantages of pulse-height selection for background 
and scatter-error reduction, multiple tagging measurement 
and energy analysis are now available for every radioiso- 
tope laboratory. The Radiation Analyzer, connected directly 
to your present scaler and scintillation counter, incorpo- 
rates in a compact single-chassis design a non-overloading 
linear amplifier, pulse height discriminator and extremely 
stable high voltage regulator. Circuitry has been designed 
for simplicity, stability and high reliability. 


nuclear - chicago 


Analyzer is available separately as an 


y jes a 
ready having a scintillation detector and a 
scaler or rate-meter. 


Aut ti ing ana ding of spec- 
trum energies is accomplished by Ana- 
lyzer, rate-meter, recorder and scintillation 
counter. Gamma energy spectrum of 
Cesium-137 is shown on recorder chart. 


SPECIFICATIONS 


@ Linear feedback amplifier with gain of 2500. ¢. 
@ Non-overioad amplifier with delay-line shaper. Sep- 
arate amplifier output. 


@ Base level adjustable 0-100 volts with ten-turn potenti- 
ometer. Channel width of 0-10 volts provided by precision 
single turn control. Computer tubes, precision components 
and ultra-stable power supplies provide long term stability. 
@ Regulator for scaler high voltage supply variable from 
500 to 1500 volts with ten-turn potentiometer. Regula- 
tion factor of 200. 

@ Overall resolution time for equal pulse pairs within 1.5 
microsecond. 

@ Front panel switch provides integral or differential 
count. 

@ Provision for external base level control allows auto- 
matic scanning. 


Write today for full details 


NUCLEAR INSTRUMENT AND CHEMICAL CORPORATION 
® 269 West Erie Street, Chicago 10, Illinois 
LEADERS IN MAKING RADIOACTIVITY COUNT 


LANCASTER PRESS, INC., LANCASTER, PA. 
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